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A wavelel-b;ised in»age compression sys- 
tem and method are prrsenied (24). Compression 
is acconipliiilicd by performing a wavelet trans- 
formation of an input digital image (20). The 
resulting wavelet coef^icicnt.^ arc compared to a 
threshold value. Coefficients falling below the 
threshold are discarded. Tlie remaining coeffi- 
cients are quantized (26). Tlie quantized coeffi- 
cients are then compressed using an entropy en- 
coding technique (28). 
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SYSTEM AND METHOD FOR IMAGE COMPRESSION AND DECOMPRESSION 

This application claims the benefit of U.S. 
Provisional Application No. 60/040,241, filed March 11, 
1997, System and Method for Still Image Compression, 
5 which is incorporated herein by reference. 

Field of the Invention 



The present invention relates generally to 
digital image compression/decompression, and 
particularly, to a wavelet-based system and method of 
10 image compression and decompression. 

Background of the Invention 

Nearly every computer user needs to store, 
transfer, and view images. These images include still 
images, or pictures, as well as video images, which are 

15 sequences of still images displayed in a manner that 
depicts motion. The enormous size of image files leads 
to serious file management limitations. For example, a 
single still image (equivalent to a video frame) 
displayed by a rectangular array of picture elements 

20 (pixels) arranged in 640 rows and 800 columns, with the 
color of each pixel represented by twenty-four bits, 
would require over 1.5 megabytes of digital memory to 
store. One solution to this problem is high-quality data 
compression technology. Essentially, image compression 

25 mathematically transforms a grid of image pixels into a 
new, much smaller set of digital values holding the 
information needed to regenerate the original image or 
data file. 

In addition imaging systems, compression 
30 technology can be incorporated into "video on demand" 
systems, such as video servers. Compression technology 
can also be applied to streaming video, which is the 
real-time capture and display of video images over a 
communications link. Applications for streaming video 
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include video telephones, remote security systems, and 
other types of monitoring systems. 

Several standards for compressing real-time 
video currently exist. The H-263 standard for real-time 
5 video is an industry standard based upon the discrete co- 
sign transform (DCT) . DCT is also the basis for both of 
the public domain image compression standards, MPEG 
(Motion Picture Experts Group) and JPEG (Joint 
Photographic Experts Group) . Although the DCT approach 

10 performs interframe coding adequately, its compression 
ratio and speed can be improved upon. 

Various other types of data compression have 
been developed in recent years. Conventional data 
compression techniques are generally referred to as being 

15 either "lossless" or "lossy", depending upon whether data 
is discarded in the compression process. Examples of 
conventional lossless compression techniques include 
Huffman encoding, arithmetic encoding, and Fano-Shannon 
encoding. With a lossless compression, the decompression 

20 process will reproduce all bits of the original image. 
Lossless compression is important for images found in 
such applications as medical and space science. In such 
situations, the designer of the compression algorithm 
must be very careful to avoid discarding any information 

25 that may be required or even useful at some later point. 

Lossy compression, in contrast, provides greater 
efficiency over lossless compression in terms of speed 
and storage, as some data is discarded. As a result, 
lossy techniques are employed where some degree of 

30 inaccuracy relative to the input data is tolerable. 
Accordingly, lossy compression is frequently used in 
video or commercial image processing. Two popular lossy 
image compression standards are the MPEG and JPEG 
compression methods. 

35 The wavelet transform has proven to be one of 

the most powerful tools in the field of data compression. 
Theoretically, the wavelet transformation is lossless, 
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but since all computers have only finite precision even 
when using floating point calculations, most of the 
transformations are lossy in practice. On the other 
hand, integer calculations are much faster than floating 
5 point for virtually all computers; and integer 

computations are much easier to implement in hardware, 
which is more important in some applications. While 
integers require less memory than real numbers, the 
direct use of integers in conventional wavelet transforms 
10 and their inverses typically causes an unacceptable loss 
of accuracy. Accordingly, there is a need for a wavelet- 
based compression technique that permits lossless or 
near-lossless data compression, yet retains the speed and 
r.emory advantages of integer arithmetic. 

15 

Suinnary of the Invention 

It is an advantage of the present invention to 
provide a system and method of wavelet-based data 
co.T.pression that permits integer computations in a 

20 cor.puter without significant loss of accuracy. This is 
accomplished by using an integer reversible wavelet 
transform that possesses a property of precision 
preservation (PPP) . The integer reversible transform 
greatly reduces the computer resources needed to compress 

25 and decompress images, as well as the time required to 
perform the same. 

It is an advantage of the present invention to 
provide a system and method of wavelet-based image 
compression that is suitable for both still and video 

30 images. 

It is also an advantage of the present invention 
to provide a system and method of image compression that 
is capable of selectively performing lossless and lossy 
compression of either color or gray-scale images. 
35 According to one aspect of the invention, a 

wavelet-based image compression method can be implemented 
using a software program. Compression is accomplished by 
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performing a wavelet transform on an input digital image. 
The resulting wavelet components are compared to a 
threshold value; coefficients falling below the threshold 
are discarded. The remaining coefficients are quantized. 
5 The quantized coefficients are then compressed using an 
entropy encoding technique, such as arithmetic, run 
length, or Huffman encoding, or a combination of Huffman 
and run length encoding. The wavelet transform can be an 
integer reversible wavelet transform derived using a 

10 lifting scheme or correction method, while the 

quantization scheme can be sub-band oriented. To further 
enhance the speed of the compression scheme, input color 
image pixels can be reduced using a color table. In 
addition, color pixels can be transformed between color 

15 spaces prior to wavelet transformation. 

According to another aspect of the invention, a 
corresponding method of decompression is provided. 

According to another aspect of the present 
invention, a compression method is provided that allows 

20 user selected portions of an image to compressed to 

different image qualities, whereby permitting non-uniform 
image compression. 

According to another aspect of the present 
invention, a compression method is provided that permits 

25 compression quality to be based on image specific 
parameters . 

According to another aspect of the present 
invention, a method of compressing images using a "split 
and merge" technique is provided. 

30 According to further aspect of the present 

invention, an image compression system includes a 
compressor configured to generate a compressed image 
based on an integer wavelet transform derived using 
either a lifting scheme or correction method. The 

35 compressor can be implemented using one or more 

electronic components, such as application specific 
integrated circuits (ASICs) , microprocessors, discrete 
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logic components, or any combination of the 
aforementioned. 

According to another aspect of the present 
invention, a corresponding image decompression system is 
5 provided. 

Brief Description of the Drawings 

The invention is pointed out with particularity 
in the appended claims. However, other features of the 
invention will become more apparent, and the invention 
10 will be best understood by referring to the following 

detailed description in conjunction with the accompanying 
drawings, in which: 

FIG. 1 illustrates a flow diagram for a method 
of compressing an image that is in accordance with an 
15 embodiment of the present invention; 

FIGS. 2-4 depict wavelet coefficients for 
various levels of decomposition; 

FIG. 5 illustrates a flow diagram of a method of 
decompressing an image that has been compressed using the 

20 method of FIG. 1; 

FIG. 6 is a block diagram of a system that can 
incorporate a software program implementing any of the 
methods shown in FIGS. 1, 5, and 8-13 in accordance with 
a second embodiment of the present invention; 
25 FIG. 7 is a block diagram of a system for 

compressing and decompressing an image in accordance with 
another embodiment of the present invention; 

FIG. 8 illustrates a flow diagram of a method 
compressing an image that is in accordance with a further 
30 embodiment of the present invention; 

FIG. 9 illustrates a flow diagram of a method 
for decompressing an image that has been compressed 
according to the method of FIG. 8; 

FIG. 10 illustrates a flow diagram of a method 
35 of compressing an image in accordance with a further 
embodiment of the present invention; 
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FIG. 11 illustrates a flow diagram of a method 
of decompressing an image that has been compressed 
according to the method of FIG. 10; 

FIG. 12 illustrates a flow diagram of a method 
5 of compressing an image that is in accordance with a 
further embodiment of the present invention; and 

FIG. 13 illustrates a flow diagram of a method 
for decompressing an image that has been compressed 
according to the method of FIG. 12. 

10 Detailed Description of the Preferred Erhbodiments 

Referring now to the drawings, and in particular 
to FIG. 1, there is shown a flow diagram of a method for 
cor.pressing an image that conforms to a first embodiment 
of the invention. In step 20, a digital image is 

15 received from an image source. The digital image 

consists of a matrix of values representing an array of 
pixels. Specifically, the array of pixels represents a 
still image or a frame from a video image. In step 22, 
the image is optionally displayed on an appropriate 

20 viewing device, such as a computer or video display unit 
having a flat panel or cathode ray tube (CRT) . Next, in 
step 24, color and wavelet transformations of the image 
take place. The image transformations involved in this 
step include color transform for color images only, and 

25 wavelet transform for both gray level images and color 
images. In step 26, the values representing the 
transformed images are quantized and compared to 
thresholds. Values falling outside the threshold are 
discarded. In step 28, the remaining quantized values 

30 are encoded to remove redundant information, creating a 
compressed image file. Next, in step 30 the compressed 
image file is generated as output. 

Referring to the color transformation of step 
24, digital color images are typically based on an RGB 

35 color model, such as is commonly used with TIFF or BMP 
images. In order to get a higher compression ratio, the 
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RGB pixels are transformed to other color models, such as 
YIQ or YUV models. The method can convert RGB inputs 
into YIQ or YUV color spaces according to the following 
relationships . 



5 RGB to YIQ: 



fY>r 0.299 
|l|=|-0.596 
LQJ4 0.212 



0.587 
-0.275 
-0.523 



0.1141 fRl 
0.3211 |G| 
0.311J [Bj 



RBG to YUV: 



fYl=r 0.299 
|U|=| 0.148 
LVJ=L 0.615 



0.587 
-0.289 
-0.515 



0.1141 r^i 

0.4391 |G| 
-O.lJ LBJ 



In the YIQ color space, there is one 
luminescence (Y) and two color planes (I, Q) . The Y 

15 component is critical, while the I-Q components are less 
sensitive to error introduced by data compression. 

The wavelet transform (also referred to as 
wavelet decomposition) operates on the converted color 
space signals. The purpose of the wavelet transform is 

20 to represent the original image by a different basis to 
achieve the objective of decorrelation. There are many 
different wavelet transforms that can be used in this 
step. For instance, the reversible integer wavelet 
transform described herein below is a preferred wavelet 

25 transform. However, to develop a better understanding of 
the preferred transform, the following alternative 
wavelet transform is first described. 

Let C° = [Cjfc] (j - 0, M-1; k = 0, 

N-1) represent the original, uncompressed image, where M 
30 and N are integers which have the common factor 2^ (L is a 
positive integer) . A one-level wavelet decomposition, 
where L = 1, results in the four coefficient quadrants as 
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shown in Figure 2. Each quadrant represents a set of 
wavelet coefficients. 

Quadrant represents the blurred image of the 



5 HD' represents the horizontal high frequency part of C\ 
while VD' represents the vertical high frequency part of 
C**, and DD* represents the diagonal high frequency part of 
C°. The decomposition can be iteratively repeated L times 
to obtain different levels of decomposition. For 
10 example, for L = 2, C» is set to equal C^ The iterative 
formula for computing a decomposition is given as 
follows : 

(1) Let C° = rC°, r>0 is a factor which can be changed for 
different needs. 
15 (2) Transform for image columns: 



original image where C* = 



1) . 



For k=0 



/ • • • / 



N-1, calculate 




O.l.l) 



For k=0 



/ • • • / 



N-1, calculate 





^jk^^^^i.k .... M 



(3.1.2) 



9 ^'^S'l,k "Y" 



(3) Transform for rows: 

For j = 0, . . . M/2 - 1, computing 
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and 



1 _ 1 hd}o*hd}i 
^Jo-Cj, 1 2 ' 

Cjfic-Cj,2Jc*l~ 2 / •••/ "■^» 



(3.1.4) 



For j = 0, . . . , M/2 - 1, computing 



and 



dd,^. 



1 - ^.g-^ 



(3.1.5) 



vcijk-Oj.zk-i 2 ,Jc-i,...,— ^, 



(3.1.6) 



(4) C^= [Cj\*] ,iroi= [i3d/,jt] * [wdj.jt] aJ3d !)£)= [ddj, J , j=0,..., |-1 

Remark: If it is necessary, we also can use matrix 
5 multiply Wavelet Coefficient Image of 1 levels=W,C°Wi*. 



wo 98/40842 



PCT/US98/04700 



10 

Here, is the transform matrix for J level wavelet 
decomposition. 

FIG. 3 depicts a three-level wavelet 
decomposition, where L = 3. 
5 In step 26, the first loss in accuracy occurs. 

Both thresholding and quantization reduce accuracy with 
which the wavelet coefficients are represented. In step 
26, the wavelet coefficients are matched against 
threshold values, and if the values are less than the 

10 established threshold values specified, then the 
resultant value is set to zero. 

An important feature of the invention is that 
the wavelet coefficients are then quantized to a number 
of levels depending upon which quadrant is being 

15 processed, and the desired compression or quality factor. 
This can be very important in image compression, as it 
tends to make many coefficients zeros, especially those 
for high spatial frequencies, which reduces the size of a 

compressed image. 
20 A multilevel uniform thresholding method can be 

used as described below. 

Let T = (tj, t^, tL.i)be the chosen 

thresholds, where t^ is the threshold for 1 the (1=1, 
L) level and t^.i is a threshold for blurred image C^. 
25 Thresholding sets every entry in the blocks C^, KD\ VD^ 
and DD^ (1 = I, ... L) to be zero if its absolute value is 
not greater than the corresponding threshold. 

For color images, three threshold vectors which 
correspond three different color planes, such as y, I and 

30 Q, are used. 

The step of quantization essentially scales the 
wavelet coefficients and truncates them to a 
predetermined set of integer values. The quantization 
table shown in Table i can be used. 
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q'HD 


q^D 


• • • 






q'vD 
q'oD 


q'vD 
q'DD 


• • • 







TABLE 1 

5 In Table 1, the entries q^Ho are quantization 

factors for blocks HD* (1 = 1, . . • L) , q'vD and q\r, for 
blocks VD» and DD' (1=1, L) respectively, and the 

factor qe"-*^ is for the most blurred image C^. The factors 
can be integers between 0 and 255. The quantization 
10 scheme for the block HD' (1=1, L) is 

hdu-round J^^ijq^,j-o -^-i;ic=o , '^-^-^ 



Here, i3d/j,{j=0 , -1 ; ,k=0 -^^-1) aie quantized 
wavelet coefficients of block HD^ {i=l,...,L) 

max^= max ([Ad/jtl) ' 
0iji{/f/2-^-l) 

and the function round CxJ gives the nearest integer of x. 
Equation (3.2.1) is used for quantization of the other 
blocks (quadrants) . 

For color images, there are three separate 

15 quantization tables for the different color bands. 

In step 28, entropy compression is applied to 
the resultant coefficients using either Arithmetic, Run 
Length, or Huffman, or Huffman and Run Length combined. 
The compression algorithm can be selected at run-time by 

20 the user, based on the desired compression ratio and the 
amount of time required to get the selected level of 
compression. The encoding step includes the entropy 
compression as well as coefficient rearranging. 
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An alternative process to that shown in FIG. 1 
includes an optional down sampling of the IQ color 
planes. This down sampling may be done once or twice to 
produce two image planes either one-fourth or one- 
5 sixteenth the size of the original plane. If the down 
sampling is done, it will be accomplished prior to the 
wavelet transform of step 24. The down sampling reduces 
the compression time and size of the image file. 

FIG. 3 shows a corresponding method for 

10 decompressing an image compressed using the method of 
FIG. 1. In step 40, the compressed image file is input. 
In step 42, the image is decoded. Next, in step 44 the 
values are de-quantized. Next, in step 4 6 inverse color 
and wavelet transformations are performed on the de- 

15 quantized data. In step 48, optional image post- 
processing takes place to refine the decompressed image. 
In step 50, the decompressed image is displayed. 

The decoding of step 42 is the inverse operation 
of the encoding of step 28. Similarly, it can be divided 

20 into two parts: Entropy decoding (Huffman or 
arithmetic), and coefficient rearranging. 

The decoding step produces quantized wavelet 
coefficients in 3*L+1 blocks. Dequantizing (step 44) 
uses the same quantization table as quantizing (Table 1), 

25 and the scheme as follows: for 1=1, L 

id|^=M^piE,j-=0,..,^-l; Jc=0 (4.2.1) 

Equation (4.2.1) produces the approximate coefficients 
for the blocks HD* (1=1, L), which are shown in 

FIG. 3. The dequantizing scheme for other blocks is 
similar to 4.1.2). 
30 In step 46, the inverse wavelet transform, also 

referred to as wavelet reconstruction, is performed prior 
to the inverse color transformation. FIG. 4 depicts a 
one-level wavelet reconstruction. 
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The wavelet reconstruction can be iteratively 
performed for various levels of decomposition, according 
to the following equations. 
(1) Inverse transform for rows: 

M 

For j=0, , -1/ calculate 



— 2 

dj,2k*l-^djtc+ 2, 

3N-uk=^djN^*dd^j^. 



(4.3.1) 



and 



(4.3.2) 



For j=0, M/2 - 1, calculate 

Cj-,i-C.-- + 



JO 



(4.3.3) 



and 



(4.3.4 



(2) Inverse transform for column: 
10 For k=0, N - 1, calculate 

and 
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-0 , ^Q^^^l.k 

Ci.k-Cok* 2 ' 

C2j*\.k-Cjk* = /J -If-/ -2 ^/ 



.31 



(4.3.5) 



Co°Jc=CiJc-25o^jc, 



(4.3.6) 



(*1 



Cj.k-Clt: /I. J=0 k=0....,N-l.C^=[clt:\z^ 



10 



15 



Following the inverse wavelet transformation, an 
inverse color transform is performed. Equations {5) -(6) 
give the inverse transforms for the YIQ and YUV color 
spaces. 

For YIQ to RGB: 
[R*] r 1.000 0.956 
|G|=| 1.000 -0.272 
[Bj L 1-000 -1.106 



0.6211 [Yl 
•0.647] |I| 
1.703J LQJ 



(5) 



For YUV to RGB: 
fR"! r 1.000 0.000 
|G|=| 1.000 -0.395 
[Bj L 1-000 2.032 



1.1401 [Yl 
-0.5811 |U| 
O.OOOJ [vj 



(6) 



20 



In step 48, a user can optionally apply image 
filtering to improve the image quality. Filters are 
known in the art for sharpening, smoothing and 
brightening images. Users can choose any number of 
processing filters at compression time. Information 
defining the selected filters can be stored in the coded 
image file, in a form such as a one byte flag in a file 
header. In addition to optionally applying the filters. 
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the method can also- be implemented to automatically 
detect and apply the selected filters following 
decompression. 

To sharpen an image, a filter is used that 
5 weights the eight pixels adjacent to the current pixel, 
as well as the current pixel, by one or more 
predetermined values. The weighted values of the nine 
pixels are then summed to derive a new value for the 
current pixel. For example, the surrounding eight pixel 

10 values can be weighted by the value -35/800, while the 

current pixel is weighted by 1.35. The sharpening filter 
IS applied to every pixel in the image. 

To smooth images, for every pixel, the average 
of the pixel and the eight adjacent pixels is calculated. 

15 Then the pixel value and the average is compared. The 
sr.aller of the two replaces the original pixel and is 
output as the smoothed pixel value. 

To brighten images, the weighted s\m of each 
pixel and the correspond eight adjacent pixels is 

20 calculated. For example, each of the adjacent pixels can 
be multiplied by the value 1/90 and the summed with the 
current pixel to obtain a brighten current pixel. 

Another filter that can be used is one that adds 
a random value between (-12, 12] to each of the pixels in 

25 the image. 

In FIG. 6 there is displayed a preferred 
hardware platform that can execute software for 
implementing an embodiment of the present invention. The 
computer system of FIG. 3 includes a CPU 62, a main 

30 memory 64, an I/O subsystem 66, and a display 68, all 
coupled to a CPU bus 70. The I/O siibsystem 66 
communicates with peripheral devices that include an 
image source 72, an image storage device 74, and a mass 
storage memory 76. Although shown as three separate 

35 devices, peripherals 72-76 can be implemented using a 
single memory device, such as a hard disk drive commonly 
found in computers. 
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The image source 72 may be a digital still image 
or video source, such as a CD-ROM drive, scanner, or 
network connection. In addition, the image source 85 can 
include analog video sources, such as a video camera, 
5 VCR, television broadcast or cable receiver. The analog 
video signals would be converted to a digital form by the 
image source 85 using conventional conversion techniques. 
Alternatively, an image source 72 can include a video 
camera and communications systems for transmitting real- 
10 time video to the I/O subsystem 66. 

The image storage 74 can be a computer disk, 
such as a that used by a hard drive, or a portable memory 
medium, such as a floppy or ZIP disk, or a read/write 
optical CD. 

15 In operation, a computer program, which 

implements aspects of the invention, is retrieved from 
the mass storage memory 76 into the main memory 64 for 
execution by the CPU 62. Upon execution of the 
compression aspect of the invention, the compressed image 

20 file can be stored in the image storage 74; while upon 
execution of the decompression aspect of the invention, 
the decompressed image can be viewed on the display 68. 
Operating under the control of the computer program, the 
CPU 62 can process images according to the methods set 

25 forth herein, as shown in FIGS. 1-2 and 6-10. 

FIG. 7 illustrates an alternative hardware 
platform implementing a system in accordance with a 
further embodiment of the present invention. System 80 
can be implemented using a variety of different hardware 

30 components, such as ASIC (Application Specific Integrated 
Circuits), or a combination of discrete digital 
components, such as microprocessors, standard logic 
components, and other programmable logic devices. The 
system 80 includes a compression system 81 and a 

35 decompression system 82. The compression system 81 can 
be configured to perform any one or combination of the 
compression methods set forth in FIGS. 1, 8, 10, and 12; 
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while the decompression system can be configured to 
perform any one or combination of the decompression 
methods set forth in FIGS. 5, 9, 11/ and 13. 

An image source 85 provides digital pixel values 
5 to a color converter 84. The image source 85 can provide 
the same functionality as described earlier for the image 
source 72 of FIG, 6. 

The color converter 84 performs a color space 
transformation on the input pixels, such as any of those 

10 described herein for FIG. 1. The converter functionality 
can be provided by conventional integrated circuits that 
are readily available from various manufacturers. 
Compressor 86 compresses the transformed pixels, removing 
redundant data. The compressed image file generated by 

15 the compressor 86 can be transferred directly to the 
decompression system 82 over a transmission medium 91. 
The transmission medium 91 can be a radio-link, computer 
network, cable television network, or satellite link. 
Alternatively, the compressor 8 6 can transmit its output 

20 to a portable storage medium 92, such as an optical, 

floppy, or ZIP disk; or to a mass storage device 94 such 
as a computer hard disk or archival system. 

The decompressor 88 expands the compressed image 
file by applying an inverse wavelet transformation, as 

25 well as de-quantization and de-encoding functions. The 
decompressed data is then passed to an inverse color 
converter 90 that applies an inverse color space 
transformation to generate pixel values in a color space 
and format appropriate for the image display 89. 

30 Standard electronic components are readily available for 
performing the function of the inverse color converter 
90. 

FIG. 8 illustrates a flow diagram of a method of 
compressing an image in accordance with an alternative 
35 embodiment of the present invention. In step 100, a 
digital image is input. In step 102, a color space 
transformation is performed on the input image pixels. 
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In step 104, the pixels are subjected to a wavelet 
transformation. In step 106, sub-band quantization is 
performed on the wavelet coefficients. Next, in step 108 
the quantized sub-bands are respectively entropy encoded. 
6 In step 110, the coded image file is output. 

Sub-band oriented quantization and entropy 
coding are well suited for wavelet-based image 
compression. The main idea is to take the advantage of 
different quantizations at different sub-bands (wavelet 

10 quadrant) and encode each band accordingly. Quadrants 

having a high variance in wavelet values can be allocated 
a finer mesh size for quantization, while those quadrants 
w:th smaller variances will be assigned fewer levels of 
quantization. That is, the number of bits one wishes to 

15 allocate to the output could be varied by quadrant. 

Those quadrants with large variances will utilize more 
bits, while those with low variants will utilize fewer 
bits. In this way, the number of bits resulting from 
quantization will remain the same, but their allocation 

20 will differ depending upon the nature of the image. This 
technique greatly improves image quality while 
maintaining a high compression ratio. 

FIG. 9 illustrates a flow diagram of a method of 
decompressing an image compressed according to the 

25 methods shown in FIG. 8. Step 120, the compressed file 
is input. In step 122, the input image is entropy 
decoded. In step 124, de-quantization is performed on 
the decoded image file- Next, in step 126, an inverse 
wavelet transform is performed on the image.. In step 

30 128, an inverse color transformation is performed. In 
step 130, post-processing altering is optionally 
performed. In step 132, the decompressed image file is 
then displayed. 

FIG. 10 illustrates a flow diagram of a method 

35 of compressing an image in accordance with another 
embodiment of the present invention. This method 
performs color-bit depth compression, which essentially 
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reduces the number pf colors in the image to achieve 
compression. In step 140, the image is input with its 
original color. For example, each color pixel could be 
represented by a standard 24-bit value. Next, in step 
5 142, a color table is created corresponding to the image. 
The color table is a set of quantized color values. The 
quantized color values represent a smaller number of 
colors with correspondingly fewer bits. Each of the 
input pixels is mapped to the color table. In step 144, 

10 an index is calculated for each pixel in the image by 

dithering the pixel values. Dithering is accomplished by 
weighting pixels adjacent to the current pixel in a frame 
and then arithmetically combining the weighted values 
with the current pixel value to produce the index, which 

15 then represents the current pixel. The dithering process 
is repeated for each pixel in a frame. In step 146, the 
indexes are wavelet transformed. In step 148, the 
wavelet coefficients are entropy coded. In step 150, the 
coded image file is output. 

20 FIG. 11 illustrates a flow diagram of a method 

of decompressing an image that has been compressed 
according to the method shown in FIG. 10. In step 160, a 
compressed image file is received. Next, in step 162, 
the image file is entropy decoded. In step 164, an 

25 inverse wavelet transform is applied to the decoded data. 
Next, in step 166, post-processing filtering of the image 
is optionally applied. Next, in step 168, the 
decompressed image is displayed. 

FIG. 12 illustrates another method of 

30 compressing an image in accordance with another 

embodiment of the present invention. In this method, a 
user can selective vary compression parameters (step 173) 
to obtain a lossless or near-lossless compressed image at 
a desired compression ratio. In step 170, the image is 

35 input. In step 172, an integer color transform is 

performed on the input image. In step 173, compression 
parameters are selected by the user using a software 



wo 98/40842 



PCT/US98/04700 



20 

interface. These parameters can include those described 
herein below in the subsection title "Peak Signal to 
Noise Ratio (PSNR) Controlled Compression". In step 174, 
an integer wavelet transform is performed on the color 
5 transformed pixels. In step 176, the wavelet 

coefficients are entropy coded. Next, in step 178, the 
compressed image file is then output from the system. 

The integer color transformation of step 172 is 
an integer reversible transform which can be used in 
10 color image compression to reduce processing time and 
image size. Step 172 transforms RGB color components to 
a set of color components Y-Nb-Nr, which are known. 

The RGB to Y-Nb-Nr transform is given by the 
equations : 

15 Y = G + Int (R/2 + B/2) , 

Nb = B - Int(Y/2), 
Nr = R - Int {Y/2) . 

The integer wavelet transform of step 174 is 
described below in detail. 
20 FIG. 13 illustrates a method of decompressing an 

image file that has been compressed according to the 
method shown in FIG. 12. In step 180, a compressed image 
file is input. In step 182, the image is entropy 
decoded. Next, in step 184, an inverse integer wavelet 
25 transform is performed on the decoded data. In step 186, 
an inverse integer color transform is performed. Next, 
in step 188 optional post-processing filtering is 
performed on the image. Next, in step 190, the 
decompressed image is displayed. 
30 The Y-Nb-Nr to RGB transform of step 186 is 

given by the equations: 

R = Nr + Int (Y/2) , 
B = Nb + Int (Y/2) , 
G = Y - Int (R/2 + B/2) 
35 The inverse integer wavelet transform of step 

184 -is described in detail below. 
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Reversible Integer Wavelet Transform 
This method allows a series of transformations 
which are very close to the corresponding biorthogonal 
wavelet transforms or some non-orthogonal wavelet 
5 transforms, but can be calculated with only integer 
addition and bit-shift operations. In addition, the 
integer wavelet transforms created disclosed herein 
possess a property of precision preservation (PPP) . This 
property is very useful for conserving memory in both 
10 compression and decompression, and speed up the whole 

procedure in some applications. Two general methods from 
which one can get the integer wavelet transform desired 
are disclosed. 

Basic Integer Wavelet Transformations 
15 Two examples are provided as the starting point 

for the unique method. For the sake of convenience, 
• length, and simplicity, presented is only the algorithm 
for a one level decomposition and reconstruction and only 
for a one dimensional signal. The extension to two 
20 dimensions is immediate as the rows and columns can be 
treeied into a sequence of one dimensional signals. For 

the following examples, assume that is the 

original signal where the superscript indicates level and 
the subscript indicates a particular point in the signal. 

25 Also, {cn)J![lQ^and {dn}^^\'^ are its decomposition parts at the 
first level. Here 
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if N is an even number, 

mi 



2 



, if N is an odd numbez; 



{^-'}^lo' ^^{^^')^lo' frequency (1) 

part and high frequency (h) part, respectively. For 
multi-levels, we just create {c^^jlJlo^ as {c°}^'_^ and repeat 

the procedure again. 
5 Example 1 : A (2, 2 ) -wavelet transform by integer 

calculation. 

This transformation is similar to a variation of 
the Haar wavelet transform which uses low and 
high pass analysis (decomposition) filters given 
10 as : 



n 


0 


1 


9„ 


1/2 
1/2 


1/2 
-1/2 



(1) Compute 

(2) Compute 
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Int[ ^ ) +C2V1/ if N is an even number, 



(2,2) 



^0 



if N is an odd numhez. 



Here, Int(x) is an arbitrary rounding function 
which may have different interpretations. For example, 
Int(x) can be the integer which is nearest to x, or 
Int(x) may be any integer which satisfies x-l<Int(x)^ x, 
5 etc. It is easy to see that all entries in both 

{^n}:::' and {^^^^^^^ are integers. 

From (2.1)- (2.2), we can easily get the 
following integer reconstruction algorithm: 
(b) Reconstruction 
10 (l)If N is an even number, compute: 

c^k.i^c^'lnt(^) . ic=0,...,:v,-l; <2,3) 



or, if N is an odd number, we have 



2 (2.4) 



(2) Compute 



(2.5) 
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Remark . Since (2.1)- (2.6) are not linear because of the 
rounding operation Int{x), this means the transformation 
order becomes significant. For instance^ if the 
decomposition was applied first to the columns and then 
5 to the rows, the inverse transformation must be applied 
first to the rows and then to the columns. 

Example 2 : Lazy wavelet transform. 
The lazy wavelet transform is used to illustrate an 
important concept. The corresponding inverse transform 
0 is nothing else but sub-sampling the even and odd indexed 
samples. Decomposition and reconstruction can use the 
same formula as follows: 

Examples 1 and 2 are not good transforms for 
image compression, but they are simple. Much better 
5 transforms can be achieved from these two. As suggested 
above, they are considered only as a starting point for 
the integer, reversible, wavelet transform algorithm of 
the disclosed invention. 

It is noted that there is another interesting 
0 property in the above two transforms which may not be 
easily seen. If the values of the signal pixels are 
represented by a finite number of bits, say one bit or 
one byte, the same number of bits can be used to 
represent the result of the forward transform within the 
computer itself because of the complementary code 
property. While, from the reconstruction algorithm, the 
computer will get back the exact original signal through 
the same complementary code property. This property is 
called a Property of Precision Preservation (PPP) for 
these wavelets. 

It is known that the general values for the high 
frequency wavelet coefficients are small, and all higher 
levels of the decomposition also provide generally small 
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values in the high frequency band. This allows the 
preservation of precision during the computational stage 
of the wavelet coefficients. Now, the complementary code 
property, the other aspect of the PPP property is a well 
known characteristic of integer arithmetic as done by the 
computer. Consider the computation of the difference of 
two integers given as c = b - a and the inverse 
computation of a = b - c. The nature of the computation 
within the computer can be specified as follows: 



10 and the inverse is 



b-a if -2«-'ib-a<2^'-l 
-2'+b-a if b-ai2'!?'' 
2'+b-a ifb-a<-2«-' 



'b-c„ if -2«-'ib-a<29- -1 
-2^*b-c„ ifb-c^tl"-' 
2''*b'C„ if i)-c„< -2'-' 



where the m subscript indicates the internal 
representation, and the range of the integers a, b, c 

is [-2'"\2'"'-l] . The internal representation of c„ when 

it is outside the range, its appearance is as a two's 
15 complement number, so the representation may not be the 
same as the external representation of c. However, the 
same complementary code for the a„ will cause the internal 
representation to be identical to the external 
representation of a. For example, if we let b = 2 
20 (00000010) and a = -127 (10000001) then c„ has the 

internal binary value of (10000001) when q=4. With a 
value of -127 for c„ the inverse value for a„ will just be 
a. 

In fact, for Example 2, this property is 
25 obviously true. While for Example 1, if the range of the 
pixel values is within a finite number of bits, say q, we 
can only use q bits as the working unit, which means the 
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value of transform coefficients will also be within the 
interval with length 2% say 1-2"-', 2"*' - 1]. Due to the 
nature of computation on a machine, most machines will 
implement (2.1)-{2.2) automatically as follows (the 
5 complementary code property) : 



(2.6) 



lnt(^)*ci^.i, if -2'-'iIi5t(.^)+C2Vi<2«"\ 
Jnt{^)*ci,.,-2<', if Int(^)^c^,.,^2'^-\ ^^'"^^ 
Inci^) +C2Vi+2^ if lJ3t{^) +C2Vi<-2'-'. 



While the reconstruction algorithm (2.3) and 
(2.5) will be implemented by the computer itself as 



c^-lnt{^), if -2<^'sc^-lnt{-^) <2^ 
2'+[cj,'-2jJt(^)j, if c^-Int[^)<-2<'-\ 
[c^-lnt[^) j -2". if c^-lnt {^)> -2"-' . 



(2.8) 



'd^*ci^*i, if -2^"^di + C2V1 < 2»-\ 
?*+C2Vi+2^ if d^^*ci^.,<-2<'-\ 
d*+C2Vi-2S if d^'*ci^.^i:-2^-\ 



(2.9) 



It is obvious that (2.8)- (2.9) are just the reverse of 
(2.6)-(2.7). It is also easy to see that if we properly 
10 talce advantage of the bound in the coefficient size 

mentioned above, the algorithm can be implemented using a 
minimal amount of storage. 
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The following are examples which give motivation 
for our new approach. 

Example 3 : A (2.6) wavelet transform by integer 
calculation (2) . 
5 This transformation is similar to using the 

following analysis filters: 



n 


-2 


-1 


0 


1 


2 


3 




0 


0 


1/2 


1/2 


0 


0 












5n 


-1/16 


-1/16 


1/2 


-1/2 


1/16 


1/16 



(a) Decomposition 
10 Decomposition starts with Example 1 at step (1) 

and (2), and then upgrades the high frequency component 
at step (3) : 
(1) Compute 



(2) Compute 



jl,0 



15 



(3) Compute 



Jj3t(— , +CjS.i, if N is an even numbez, 

C"iS-i/ 



if N is an odd numbez; 



y.lnc{f^),*di-' 
\d,\^jnt{f^:^^)-dt\k=l,...,M,'2, 



and then, if N is even, calculate 
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/-J /-J 
G/^-i -lnt{ ) -cr^-i , 

else, calculate 

d^.i-ln c ( ) -dit^.i . 

(b) Reconstruction 

The reconstruction algorithm is identical to the 
decomposition algorithm, except it is now running 
"backwards" . 

( 1 ) Compute 

and then, if N is even, calculate 

) -CTw^-i/ 

else calculate 

^ ) -Cfj^^-i/ 

(2) If N is an even nuinber, compute 
or, if N is an odd number, we have 



(3) Compute 
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We see in step (2) -(3) above, that they are just 
the same as shown for the reconstruction of the (2.2)- 
wavelet transform (Example 1) . 

Example 4 : A (1, 3) -wavelet transform by integer 
5 calculation. 

The following nonlinear transform is a variation of the 
transform which uses biorthogonal analysis filters: 



n 


-1 


0 


1 




1 

1/4 


0 

-1/2 


0 
1/4 


9n 









(a) Decomposition 

This decomposition starts with the Lazy wavelet 
10 at step (1) and upgrades the high frequency component at 
step (2) : 

(1) Set 

dk - C2k*i , Jc=0 , ... / - 1 . 

(2) If N is an even number, calculate 



^1 -^1 ^I'O 



otherwise, if N is an odd number, calculate 
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d^i/j t ( fhl^ )-c,,.„k^O -1 



(b) Reconstruction 
(1) Set 



(2) If N is an even number, calculate 



.0 ^2*::;^)-d^i,;c=o 



Otherwise, if N is an odd nximber, calculate 



5 Example 5 : (5, 3) -wavelet transform by integer 

calculation. 

This transformation is also similar in function 
to using the biorthogonal analysis filters. It is given 
by 



10 



n 


-2 


-1 


0 


1 


2 


^« 


-1/8 
1/4 


1/4 
-1/2 


3/4 
1/4 


1/4 
0 


-1/8 
0 



(a) Decomposition 

This decomposition starts with Example 3 at step 
(1) and upgrade low frequency components at step (2): 
15 (1) Set 
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If N is an even nxomber, calculate 



.0 . ^0 



Otherwise, if N is an odd number, calculate 



(2) If N is an even number, compute 



otherwise, if N is an odd number, calculate 



5 (b) Reconstruction 

(1) Compute 
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Then, if N is even, calculate 

Cs-2'Cn^-i*Int{ ) . 

else calculate 

(2) Compute 

0 0 

Then, if N is even, calculate 

5 The PPP property for Examples 1-2 mentioned at 

the end of the previous section is also applicable for 
these three examples. It is obvious these three 
transformations are not really linear, but they are 
similar to the one using the corresponding filters given 

10 above. Especially, the filters in Example 3 and Example 
5 belong to, with minor modification, the group of the 
best biorthogonal filters for image compression. 

Also, from the above three examples, we can note 
that if we begin with integer (linear or nonlinear) 

15 wavelet transformations and then use some proper 
upgrading formulas, we can get other, much better 
integer, wavelet transformations for image compression. 

Lifting Scheme and Integer Biorthogonal Filtering 
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The Lifting scheme, discussed by W. Sweldens in 
"The Lifting Scheme: A Custom-Designed Construction of 
Biorthogonal Wavelet", Applied and Computational Harmonic 
Analysis, Vol. 3, No. 2, April 1996, is a recently 
5 developed approach for constructing biorthogonal wavelets 
with compact support. It can be used, with minor 
modifications, to create integer biorthogonal wavelet 
transformations. The following is an adaptation of the 
lifting scheme. 

10 Definition 1 . The set of filters {h, h, g, g}, a set of 
biorthogonal filters if the following formula is 
satisfied: 



Va)eR:in((i))Af'{<o) =1. 

'h(U>) i3{6)+7l) 



where in((i))=^ , v , 

Iflr(to) gr{(i)+it). 

and h(u>) ^Th^e'^^and g{a)) =j;s^jte-*" 

■ k 



and similarly for iS{G)) , and . 



The following lemma is the main result of the 
lifting scheme [1] reported as corollary 6 in that paper. 
15 Lemma 1 . Take an initial set of finite 

biorthogonal filters (h, 71, gf g}/ then a new set of 
finite biorthogonal filters {h, h, g, g^} can be found as 



£(o))=^t*^(<o) +^{g))s{2co) 
flr(G)) =flrO{a)) -h{u>)s{2u>) . 

Similarly if we take {h^ "h, g, 'g'} as an initial set of 
biorthogonal filters, a new set of biorthogonal filters 
20 {h, ^, g, g} can be found as can be found as 
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=A«'{«) +sr{o)) 5(2(1)) 

Here s((i)) is a trigonometric polynomial and the 
corresponding filter s is finite, and so is s'lu) . 
Actually, regarding the filters (4.1) is equivalent to 

1 

1 

or 

5 Next we use the lifting scheme with minor 

modifications to create an integer, nonlinear, quasi- 

biorthogonal, wavelet algorithm. Suppose is a 

original signal, and are again its low and 

high frequency decomposition parts, obtained by using the 
10 filters {h, h, g, g} . 

If we use filters (h, g] for decomposition 
(analysis), the corresponding decomposition algorithm is 

n 

While the reconstruction algorithm will be 
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2k 



related to the synthesis filter {h,g}. Here, parameters 

and are positive constants with ac»0d=2. For 
example, in the situation of regular biorthogonal 
decomposition and reconstruction, a^^a^^^/T; and for 
5 Example 1 through Example 5 above, a^=l and a^^2. 

If the set of filters {h, 7i, g, g} is from (h, 
5°/ g) by (4.2b), then decomposition can be 
accomplished as follows: 



1. Calculate 



10 2. Calculate 



n 



«d 1 



The relative reconstruction scheme will be: 



1. Calculate 



2, Calculate 



^k' V2Jt. 



Qk9n-2k 



15 



Here, equations (4.3) and (4.6) are just the wavelet 
(inverse) transforms using biorthogonal filters {h, h, g, 
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g}. While (4.4) and (4.5) are forward and backward 
upgrading formulas. ^ 

Similarly if the set of filters {h, h, g, "g} i: 
from the initial set of filters (h, h, g, g) by using 
(4.2b), the relative decomposition is: 

1. Calculate 



XX 



2. Calculate 



^ Q 1 



The reconstruction scheme is: 
1. Calculate 
1. Calculate 



1 



2. Calculate 



2k 
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f nrni 1 ary 4.1, . Suppose biozthoganal filtezsih, E, g, g) 

axe from initial filtezsih,!}^ ,g^, g]hy the lifting scheme 
{4.1a) or {4.2a) . If the decomposition and zeconstzuction 
by filtezs [h,H^ ,g^,g]can be accomplished only by integex 
calculation, such as Example 2, we also can czeate a 
cozresponding integez wavelet decomposition and zecon- 
stzuction scheme which is vezy "close'' to the oziginal one 
by using filtezs lh,l2,g,g,] . Heze the wozd "cJose" means 
that the diffezence of the two decompostion schemes 
is just some zounding ezzoz, and this zounding ezzoz will 1 
coziected by the integez zeconstzuction scheme. 

In fact, if {cl'^] and {d^} are integez aftez (4.3), 
we can calculate {c^} by 

instead of (4.4). Here Int(x), as described in Section 
2, is an arbitrary rounding up function which satisfies 
x-1 i Int(x) i x+1. It is obvious that (4.7) is very 
close to (4.4), and the exact reconstruction scheme can 
5 easily be obtained from 

and (4.6). There will be a similar result, if the set of 
biorthogonal filters {h, h, g, g) is obtained from the 
initial set of filters {h* h, q, g] by using (4.2b). 

Except for the example shown in the Lazy wavelet 

10 (Example 2), most standard biorthogonal wavelet forms 
cannot be performed directly by integer, even for one of 
the simplest wavelets, the Hazz wavelet. However, if the 
parameters ttc/ and are properly chosen and the 
transform algorithms, such as Example 1 and Example 3, 

15 are slightly changed, a variation of the original 
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biorthogonal wavelet transforms with respect to the set 
of filters {h, h, g, g} is created. On the other hand, 
the parameters should be also chosen carefully to 
guarantee that only addition and shift operations are 
5 needed by the algorithm. 

If the set of filters {h, h, g, g} is obtained 
from a set of filters {h, h, g, g) by the lifting scheme, 
and the set {h*; g, g} is also obtained from a filter 
set {h, g* g}, one can repeatedly use Corollary 1 to 
10 get a "close" integer wavelet transformation. 



The Correction Method for Creating 
Integer Wavelet Transforms 

Another approach for obtaining integer wavelets 

is using the so-called Correction method. The motivation 

15 of this method is from the S+P transform. The lifting 
scheme for generating biorthogonal wavelets can be 
considered as a special case of the correction method. 
From this can be derived complicated filters with fast 
decomposition and reconstruction algorithms. 

20 Assuming a simple integer wavelet transform, 

such as Examples 1 through 3, the decomposition and 
reconstruction scheme of which can be formulated as 
follows : 

Decomposition 



25 Reconstruction 

ci-zf({cr}.{dn) 

Here, (5.1) and (5.2) can be the same as (4.3) and (4.6) 
or other algorithms. 

In general, after the above decomposition, one 
may not be satisfied with the result. There may still be 
30 some correlation among the high pass components because 
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of the aliasing from the low pass components, or the low 
pass components do not carry enough of the expected 
information from the original signal. Hence, one could 
make an improvement by putting some correction part on 
5 the high pass components or low pass components. There 
are many ways to accomplish this. However, for the sake 
of the integer calculation, it is preferable to use 
following correction method. To make a correction for 
the high pass part, the corresponding formula would be: 

=d^ " -lnc{dc^,i,)k-- ,0,1,2- (5.3) 

10 Here, dc^^ is a correction quantity for d^^ 



T 

and \ = and f ^^'Jja* are given parameters which 

have been chosen for the user's purpose such as reducing 
the redundancy among high pass components or some other 
special requirement. To preserve the integer 
15 calculation, any entries in both 

and \ / should be rational numbers with 

denominators being powers of 2. 

From (5.1), (5.3) and (5.4), it is easy to see 
the perfect reconstruction algorithm can be 

dl'°=dj; +In t{dc^) , k=- , m, m-l , m-2- , (5.5) 



20 combined with (5.2) . 

As mentioned above, the Lifting scheme is a 
special condition of the correction method. Examples 3 
through 5 can also be considered as the examples of this 
method. We next give an example of the Correction method 

25 which cannot be included in the group of Lifting scheme, 
and also which does not result in a closed form of 
compact support for biorthogonal filters. 
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Example 6 :. S+P transform, which is similar to 
using following analysis filters. 



n 


-2 


-1 


0 


1 


2 


3 




0 

-1/16 


0 

-1/16 


1/2 
15/32 


1/2 
-17/32 


0 

7/32 


0 

-1/32 



While the synthesis filters do not have compact 
support, the S+P transform can be implemented as follows: 
(a) Decomposition 

(l)Take the decomposition step of Example 1, 
10 that is, compute 



and 



Int 



(2) Correction Step: Define So = -1, Sj = 1, T = 1 and 
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and now compute 



(b) Reconstruction 

(1) Compute 



(2) If N is an even number, compute 
C2V1 = -In t|-^ j , ;c=0 , - , -1 



or, if N is an odd nimber, we have 



(3) Compute 



Boundary Conditions 
There are two issues dealing with boundary 
filtering if the Lifting scheme or the Correction method 
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is used to generate the integer wavelet transformations. 
The first is how to process the boundaries which occur in 
the start-up wavelet transformations. The second is how 
to deal with the boundaries in the deductive formula. If 
5 the boundaries in the start-up wavelet transform have 
already been established, then those in the upgrading 
formula are relatively easy to establish. For the 
Lifting scheme, the boundaries in both steps should be 
processed in the same way. While, for the Correction 

10 r.ethod, according to (5.3)-(5.4), one has more choices to 
process boundaries in the second step. Therefore, the 
process by which the boundaries in the start-up wavelet 
transformations are established is discussed. Assume 
ccr.pact supported biorthogonal wavelets. n) 

15 Suppose the original signal is ^ 

creating integer biorthogonal wavelet transformations, 
use the following symmetric extension: 

(1) If current biorthogonal filters have even 
length, the boundaries of the signal are 

20 extended as Q ^ Q^^^ ^ >jc- ^ i • • • / 

(2) If the filters have odd length, the 
following extension is performed 

Examples 1 through 5 use the boundaries given 
25 above. In Example 6, the start up wavelet transform uses 
the above boundaries but in the upgrading step, another 
boundary filtering is used. In addition, for arbitrarily 
sized images or signals, one can use the same technique 
described in the above examples to deal with this 
30 condition. 

As mentioned earlier, for many applications, 
lossless image compression is more important than lossy 
compression. The integer wavelet transforms described 
above provide the opportunity to compress without loss. 
35 It is also obvious that the integer wavelet algorithms 
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can be used wherever ordinary wavelets are used, 
especially in signal and image compression. However, for 
most computers, the integer wavelet transform is much 
faster than other wavelets and it uses much less memory. 

5 Peak Signal to Noise Ratio (PSNR) 

Controlled Compression 

Peak Signal to Noise Ratio (PSNR) is a widely 

used quality measurement. PSNR controlled compression 

allows users to choose their desired PSNR for the 

IC compressed image. In each of the compression methods set 
forth herein, a user can selectively set the PSNR and the 
desired compression ratio, as well as the initial 
quantization and threshold levels for each quadrant of 
wavelet coefficients, to obtain the desired image 

15 quality. 

For example, the wavelet map of FIG. 3 shows a 
total of 10 regions (quadrants) . Each of these ten 
quadrants can have two additional parameters associated 
with them. The parameters define the quantization and 

20 threshold values for that particular quadrant. Since 
there are three planes for color (only one for gray 
level) the maximum number of parameters that the user can 
control is 60 — 10 for quantization and 10 for 
thresholding for each of the three color layers. In the 

25 case of a gray level image, there are only 20 parameters. 

If a compression ratio, or a quality factor 
which indirectly defines a compression ratio, is 
specified, then the user wants the compression ratio to 
remain identical over the changes in the parameters. In 

30 order to accomplish this, two parameters are monitored: 
the compression ratio and PSNR (peak signal to noise 
ratio) . The PSNR is defined as PSNR = 20 logio (X/MSE) , 
where the X is the average absolute value of the pixels 
in the compressed image and MSE is the mean squared error 

35 measured between the compressed and original image. 

Holding the compression ratio constant, the PSNR needs to 
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increase to improve image quality. The way to increase 
the PSNR is to reduce the MSE. 

An iterative method can be used to adjust 
parameters to achieve the desired PSNR. The step are as 
5 follows: 

(a) Pick an initial parameter setting Pq; 

(b) Quantize the wavelet coefficients with Po 
and calculate the corresponding PSNR; 

(c) If the PSNR is close to the desired one, 
10 stop and output the coded file; otherwise, get 

an adjusted vector APq and set Po - Po + AP©, 
go to step (b) . 

Progressive Decomposition 
Progressive decompression allows users to decode 

15 images at varying degrees of resolution, starting from 
the lowest resolution and progressing to the highest 
resolution. The advantage of this feature is that users 
can download small pieces of the coded file and view the 
image at lower resolution to determine if they want to 

20 download the whole image. Progressive decomposition can 
be used with any of the decompression methods previously 
disclosed herein. Progressive decomposition is 
accomplished according to the following steps: 

(a) Input the lowest bandpass component of 
25 the coded file and reconstruct the lowest 

resolution image 1°; 

(b) Display image 1°; 

(c) If the user is not satisfied with the image 
quality or the resolution is big enough for 

30 stop; otherwise, go to step (d) ; 

(d) Input the lowest three band-pass components 
HDS VD^ and DD^ successively in the current 
image file. Reconstruct the new image I^ from 
C\ KD\ VD\ and DD^ Let 1° = I^• go to step 

35 (b). 
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• Image Map Editor 
The image map editor creates an image map over a 
compressed image file. This permits an image compressed 
according to one of the methods set forth herein to be 
5 easily integrated into a web page using an http link. A 
user selects one or several areas of compressed image, 
assigns one or more http links to the areas. The image 
map editor calculates the coordinates of the areas and 
outputs the HTML associate with the image. The user can 
10 add such information into program source code. Following 
is an example of such image map: 

<EMBED SRC="cow.cod" type="image/cis-cod" 
WIDTH="257" poly= "44, 45, 103, 78, 103, 86, 54, 
86, 54, 78", 

15 href="http://www.infinop.com"></EMBED> 

Non-Uniform Image Compression 
The present invention allows a user to perform 
non-uniform image compression. Essentially, non-uniform 
compression is accomplished by dividing an image into one 
20 or more rectangles, each representing a matrix of image 
pixels. Each rectangle can be compressed by any of the 
methods disclosed herein. 

For instance, referring to the compression 
method of FIG. 8, integrating the non-uniform compression 
25 feature with the method allows a user to partition the 
image into several parts with different interests. The 
user can then compress these areas with different image 
and/or compression qualities. The parts can have any 
shape. 

30 The non-uniform compression feature can be 

incorporated in to the method of FIG. 8 as follows. 
Steps 100-102 are performed. Then, the user creates 
bitmap matrices defining the partitioned areas. Each 
area is then wavelet transformed. Different 

35 quantizations are then applied to the different areas 
according to the transformed matrices obtained above. 
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Split and Merge Wavelet Algorithm 
for Big Image Compression 

This algorithm allows users to compress large 
images by partitioning them into smaller pieces. The key 
5 is to divide the original image into several smaller 
pieces and compress/decompress them separately by using 
overlap and de-overlap technique. With this technique, 
the individually compressed pieces are equivalent to 
compressed whole image. The user does not see any edge 
10 effects in the decompressed image, which normally occur 
with conventional split and merge methods. 

Also, with this algorithm, users can selectively 
decompress the whole image or choose a specific part to 
decompress according to an image map created during the 
15 compression phase. The algorithm is preferably 

implemented as a software program executing on a general 
purpose computer. 

There are two ways to compress an image by 
splitting it: automatically or interactively. The 
20 automatic approach is transparent to users since the 

algorithm will automatically split to the image according 
to the characteristics of the computer used to perform 
the compression. Using the automated method, the 
algorithm first detects the size of the source image and 
25 the memory size of the host computer. Next, the image is 
split into several pieces with a predetermined number of 
pixels overlapping according to the image size and 
computer's memory. Overlapping pixels are those that 
appear in more than one piece of the split image. 
30 Each piece of image is compressed in order 

according to any of the methods disclosed herein from the 
image resource. 

The split image is decompressed as follows. 
First, the headers of the compressed image pieces are 
35 read to determine their order and compression parameters, 
such as quantization thresholds and decomposition levels. 
Next, each piece of the image is decompressed and de- 
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overlapped. Merge all pieces together in the proper 
place for display. 

Using the interactive method, a user can 
indicate how many blocks they want to divide the image 
5 into and how many pixels they want for overlap. To 

compress an image according to this approach, the size of 
the source image is first detected. Then, the user's 
choice for the nimber of blocks and number of overlapping 
pixels is entered. Next, the image is divided into the 

10 pieces according to the user's choice and the size of the 
image. Finally, the individual pieces are compressed 
according to one of the methods disclosed herein. 

The interactively split image is decompressed as 
follows. First, the header of the coded image is read. 

15 Next, an image map is displayed for the user to look at 
what the image context is about. The user can then 
choose to display entire image or a specific piece of 
image. If user chooses to display a single piece of 
image, the algorithm finds the position of this coded 

20 piece and decompresses it. If the user instead chooses 
to display the entire image, the algorithm decompress 
each piece of image and de-overlaps it. All pieces are 
then merged together in the appropriate display location. 
Example A, below, shows further technical 

25 details related to the present invention. 
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While specific embodiments of the present 
invention have been shown and described, it will be 
apparent to this skilled in the art that the disclosed 
invention may be modified in niomerous ways and may assume 
5 many embodiments other than the preferred form 

specifically set out and described above • Accordingly, 
it is intended by the appended claims to cover all 
modifications of the invention which fall within the true 
spirit and scope of the invention. 



10 
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1.0 Quality Compression Optimization 

The following seciions deal with the iniprovemcm of the compressed 
image quality. As stated in the report introduction, we believe this is 
the laKt significant major problem to be addressed in the still 
imagery compression system. 



1.1 Introdoctioo 

The issue is the mechanism which can be used to improve the quality 
of the image based upon the nature of the parameters used in the 
compression process. Wc think this is an important issue, and in our 
experimentation, wc have found fairly suiking results. For example, 
if we hold the compression ratio constant, we can compress an image 
and obtain on a subjective scale of C, where 

• A is no ob.scrvable defect, 

• B is observable but not noticeable, 

• C is quite noticeable, but not distracting from the image, 

• D is very noticeable and detracts from the image, 

• E is unacceptable. 

If we now change the parameters by a hand optimization, we find wc 
can change the subjective evaluation from a C to a B with the 
compression ratio left alone. We believe this is significant, in that it 
guarantees a compression system which is tailored for each image 
independently, rather than have each image compressed by the same 
set of parameters irrespective of the image content. 

To review the process of compression, consider the following figure. 
Figure 49. 
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Wavelet 
Coefficients 




Wavelet 
Coefficients 




Wavelet 
Coefficients 



Figure 49 

RGB Image in 24 Bit Color Depth Showing Transform to YIQ 

Figure 49 shows the relationship between ihc RGB and YIQ color 
representation and the processes which take place in the algorithm 
as this data is transformed into the final lossy set of wavelet 
coefficients.. The processes which apply to the imagery are shown as 
heavy arrows with the process identifier shown as part of the arrow. 
If no process number is present, then the arrow is just a passive link 
between processes and data. The important point to note is that in 
color imagery, we deal with three images (one luminescence, and two 
color planes). The Y component is critical, while the IQ components 
are less sensitive to error introduced by the compression system. 



The processes shown in Figure 49 are as follows: 

• (1) Transform the RGB format into YIQ format, using long 
integers. This format is only an approximation of the YIQ format. 

• (2) Transform the YIQ planes into a wavelet decomposition using 
our own integer wavelet transform. This produces the result 
shown in Figure 50. but for each plane. 

• (3) Wc have shown an alternative process which is an optional 
down sampling for the IQ color planes. This down sampling may 
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be done odcc or twice to produce two image planes cither one 
fourth or one sixteenth the size of the original plane. If this 
process is (o be done, it will be accomplished prior (o the wavelet 
transform of process (2). 

• (4) Here the first step in the loss occurs. The wavelet coefficients 
are now quantized to a number of levels depending upon which 
quadrant is being processed, and the desired compression or 
quality factor. 

• (5) Simultaneously with step (4), the wavelet coefficients are 
being matched against threshold values, and if the values are less 
than the established threshold values specified, then the resultant 
value is set to zero. 

• (6) The last step in the process is to entropy compress the 
resultant coefficients using either Arithmetic, Run Length, or 
Huffman, of Huffman and Run Length combined. The key issue is 
the amount of compression desired against the invested time 
required to get that level of compression. 

The issue now, irrespective of the down sampling or not of the IQ 
components, is the fact that wc process the three planes into five 
levels in a decomposition as shown in Figure 50. From this figure, 
one can see a total of 16 regions (quadrant.s) which arc defined by 
the numbers 1 through 16. Each of these sixteen quadrants have two 
additional parameters associated with them. The parameters define 
the quantization and threshold values for that panicular quadrant. 
Since there are three planes for color (only one for gray level) the 
maximum number of parameters that the user can control is 96 - 16 
for quantization and 16 for thresholding for each of the three color 
layers. In the case of a gray level image, there arc only parameters 
for one layer. 

Our experience has shown the parameters for an image are very 
sensitive in some cases, and not in other cases. In order to measure 
this sensitivity, wc generated the variance of the wavelet coefficients 
in the 16 quadrants. Table 1 provides these values for each of the 
three planes. 
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Figure 50 

Decomposition of a Plane into Five Levels 
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Table 1 



Wavelet Coefficient Variance by Numbered Quadrant for Two Images 
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The clear information to be gained by the numbers in Table 1 is the 
images arc quite diffeienu and the quaQtixation or threshold levels 
set for all images will only be an approximate solution at best. The 
optimum solution would be to have the quantization and threshold 
values set according to the variance values. Such settings could be 
found in a table with various ranges, and for each such range, the 
parameters of interest could be defined. This would give a more 
optimal solution, but still not the optimal solution. In order to get 
cpumaJity. one would need to search over the variable space using 
the near optimal settings lo find the actual best values for the 
parameters. 

As the values in Table 1 grow, the implication is a finer mesh size for 
quantization. That is, the number of bits one wishes to allocate to the 
output could be varied by quadrant. Those quadrants with large 
variaacci will utilize more bits, while those with low variants will 
utiLzc fewer bits. In this way, the number of bits resulting from 
quantization will remain the same, but their allocation will differ 
depending upon the nature of the image. 

L2 Approach 

The solution to the problem posed in the previous section is to 
determine how the ninety-six parameters interact with one another. 
The problem is a bit more sophisticated than just measuring 
paramctcrji. however. The issue is with each parameter change, the 
compression ratio will change. If a compression ratio, or a quality 
factor which indirectly defines a compression ratio, is specified, then 
the user wants the compression ratio to remain identical over the 
changes in the parameters. In order to accomplish this, there are 
two parameters which we must monitor: PSNR (peak signal to noi.sc 
ratio which is defined to be PSNR = 20 logio (X/MSE) where the X is 
the average absolute value of the pixels in the after image and MSE 
is the mean squared error measured between the before and after 
image) and the compression ratio. The compression ratio must be 
held constant, and the PSNR needs to increase, and the way to 
increase the PSNR is to reduce the MSE, 

The difficulty with this system as described is in many cases, small 
changes in the parameters introduce significant changes in the MSE. 
Also, we believe, the parameters are not independent. We have also 
seen images where the parameters can be changed in one way, then 
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altered, and the results are exactly the same. This indicates the 
optimal value is not a single point, but rather something like a plane 
with little slope. 



1.3 Status 

Wc have established the rules under which the optimal solution will 
need to exist, and are at the moment writing software to measure the 
variance within the Lightning Strike environment. Once this is done, 
we will being examining many images to sec how dose we can 
determine the optimal parameters for a defined set of variances. 
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CIS-2 Image Compression Algorithm 
HONG YANG CHAO 
Part I: Brief Review of LSIC 3.0 

1. Introduction 

CIS-2 (umporary name), which has been being used in Ligbtntog Strike 3.0 image 
compressioD software, is a wavelet based image compression algorithm. CIS»2 has 
following inventions: 

• Inlcgcr rrvmible wavelet algorithm with Property of Precision Preservation; 

• Subband oriented quantization and related entropy coding; 

• Wavelet lossless compression for color and gray images; 

• Progressive transmission algorithm for color bit compression; 

• Progressive transmission and decompression algorithms; 

• Non-uniform image compression algorithm; 

• Quality based wavelet coefficient quantization tables; 

• Attached optional post-processing filters; 

• Image map editor; 

• Optional peak signal noise ratio controlled compassion; 

• Special split and merge wavelet compression algorithm for very big image 
compression without any boundary effects ; 

• Image dependent parameter optimization . 

2. Main stepi of the aJgoritbm 

In Lsic 3.0, three kinds of different image compression methods arc included: 
Method 1 : Quality controlled wavelet based comprusion 
Method 2; Color bit depth compression 
Method 3: Wavelet lossless compression 

Section 2.1 -2 J will give brief description of above method The details will disctiss 
later. 

2.1. Maia stq> of method 1 

Figure I and Figure 2 give the flow charts of the image compression and 
decompression of method 1 respcciively. Every step in both compression and 
decompression has lot of details, which will be described later. 
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Figure 1: Compression flow chart for Method 1 
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Figort 2: Decompression flow chart for Method 1 



U. Main step of ntthod 2 

This method based on using less number of colors to approximately represent 
original images. Following figure gives the main step of the algorithm for the 
compression and decompression. 
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Figure 3: Compression flow chart for Method 2 
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Figure 4: Decompression flow chart for Method 2 

2J. Mais aicp of method 3 

The main steps of method 3 is almost as same as method 1. However, ai the every 
step we use diSercnt methods. Following are its compression and decompression 
flowcharts: 
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Figfure 5: Compression flow chart for Method 3 
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Figure 6; Decompression flow chart for Method 3 



3. Brief Description for Other Features 

Most Features (or inventions) are included in above three compression methods. 
FoUov^ng is the brief introduction for some inventions list above. 
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3.1. Progfxssivc dccompmsioo 

This aJgoriihm allows users lo decode images from the lowest resolution lo 
highest resolution. The advantage of this featurr is that users can download small 
piece of the coded file and view the image at lower resolution to dctcmiinc if they 
want to download the whole image. 

Steps: 

(a) Input the lowest pass component il^of the coded file and rcconsuuct the 
lowest resolution image ; 

(b) Display image /*. If the user doesn't like it or the resolution is big enough for 
, stop; otherwise, go to next step; 

(c) Input the lowest three band-pass components HL^, LH^and HH'' 
successively in the current coded file. Reconstruct the new image /* from 
XX^ HL\ LH' and HH^. Ut go to step (b). 

3^ Noa-uoifonn image conpressioa 

The algorithm allows users to divide the image into several parts with different 
interests and compress these areas with difTerent qualities. The areas can have any 
shape. This algorithm is only available for method 1. 

Original image goes though all of the procedure except quantization pan, which 
follows the steps below: 

(a) Creating the bitmap matrices related to the areas chosen by the user; 

(b) Wavelet transforai to every bitmap ma&ix; 

(c) Different quantization in different areas according to the transformed matrices 
obtained above step. 

3 J. ?tMk Sigoal Nobc Ratio (FSNR) cootroUcd comprtuion 

Peak Signal Noise Ratio (FSNR) is an image quality measurement used by most 
professional people. PSNR controlled compression allows users to choose their 
desired PSNR for the compressed image. 

The Delated algorithm is an iterated system: 

(a) Picking an initial parameter setting 

(b) Quantize the wavelet coefficients with and calculate the corresponding 
PSNR; 

(c) If the PSNR is close to desired one, stop and output the coded file; otherwise, 
get an adjusted vector A?o and set + , go to step (b); 
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3.4. Avurbcd optiouJ posuproccssing filtcn 

Usen can chcx)se any number of following processing filters at their compressing 
time. The desired results can stored in the coded image file, and, anyone who 
decompress the coded file will see the same resuh immediately. 

• Sharpening images 

• Smoothing images 

• Improving the visxial quality 

• Brightening the images 

3 J. Imagf map editor 

Image Map Editor create a image map over Lsic3.0 compressed image file. User 
selects one or several areas of compressed image, assigns the http links to the areas, 
then. Image Map Editor calculates the coordinates of the areas and outputs a HTML 
associate with the image. User con add such information into his/ber source code. 

Following is an example of such image map: 

<EMBED SRC-"cow.cod" type = "imagc/cis-cod" WIDTH- "257" poly= "44, 
45, 103. 78. 103, 86, 54, 86, 54, 78", href= "htip-y/www.infinop.com"x/EMBED> 

3.6, Split sDd mtrgt wavelet aleoritbm for v«ry big itnag« compressioo 

This algorithm allows users to compress very big image by an ordinary machine. 
The key is to divide the original image into several smaller pieces and 
comprcss^dccomprcss them separately by using overlap and dis-ovcrlap technique. 
With this technique, the compression/decompression piece by piece is equal to 
comprcss^dccoraprcss the whole image together, which means users won't see any 
edge effect at decompressed image which appears at general split method. 

Also, with this algorithm, users can cither decompress the whole image or choose 
the specific part to decompress according to a image map we create for the division . 

3.7. laagt depcadaot optimized paraotttr setting 

This algorithm allows user to get the best (or almost best ) image quality at the 
desired compression ratio by choosing image related parameter setting. 

3-8. Istegcr revenibli wsvdgt algorithm with PPP property 

See attached unpublished paper titled as "An Approach to Fast Integer Reversible 
Wavelet Transfonnations for Image Compression** 
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3.9. lBUg«r color trauformttiOD 

This algorithm is a integer reversible transform which has been used in lossless 
color image compression (Method 3) for Lsic 3.0. 

The algorithm transform RGB color components to a new set of color 
components Y-Nb-Nr: 

Forward transform RGB to Y-Nb-Nn 

r=c+ini(Y), 

//A-5-lnt(f), 

Inverse transform Y->rb-Nr to RGB: 

A - ^^ + lnt(f ), 

G=r-lnt(^). 

3.10. Sabband rrUt^ QoaotiutioD asd astropy coding 

This cntitjpy coding method is just designed for wavelet based image 
compression. The main idea is to take the advantage of difTerrnt quantizadon at 
diflerent subbands and encode each band according to its content This method 
reduce the coding cost greatly. 
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CIS*1 Image Compression Algorithm 

HONG YANG CHAO* 
Computer and Infonnation Science Inc. 

1. Introduction 

QS-l, which has becD being xised in Lightning Strike image compression software, is a 
wavelet based image compression algorithm. CIS-1 has following advantages: 
o Reach almost optimal compression ratio; 

0 Keep the major characteristics as more as possible. In other words, it reduce 

insignificant components gradually according to human visual system, so that people 
can still accept the image quality at the extremely high compression ratio; 

0 Fast 

2. Main sups of the algorithm 

Figure 1 and Figure 2 give the flow charts of the image compression and decompression 
respectively. Every step in both compression and decompression has lot of details, which 
will be described later. 



Input Original Image 






Display Image 








Image Transformations 



Quanti2ation and Thresholding 

i. 

Encoding 

Output Coded Image File 
Figure 1: Image compression 
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Input Coded image file 
Decoding 
De-quantxzadon 
nverse Image Transformations 



^ost Image Processing if Necessary 



Display Compressed Image 



Figure 2: Image decompression 

3. Image Compression 

For the compression, we only have to describe three parts: image transformations, 
quantization and thresholding, and entropy coding. 

3.1. Image Traasformationj 

The image transformations involved in this algorithm include color transform (for color 
images) and wavelet decomposition ( for both gray level images and color images). 

(a) Color transform 

In general, input color images are based on RGB color model, such as 

TIFF or BMP images. In order to get high compression ratio, it is better to change RGB 

color model to other color models, such as YIQ or YUV models, 

RGB to YIQ: 

frl ro.299 0.587 0,114 Jr] 
1/ I = l0.596 -0.275 -0.321 1 01. 
LeJ Lo.212 -0.523 0.311 isj 

RGB to YUV: 
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fyl ro.299 0.587 O.IMJ/JI 
I C/l = 1-0.148 -0.289 0.439 I G I. 
[v\ Lo.615 -0.515 -0.1 Ib\ 



(b) Wavelet decomposition 

The purpose of wavelet transform is to represent the original image by different basis to 
achieve the objective of deconelation. There arc a lot of wavelets vAnch can be used in 
this step. In CIS-1, we use a wavelet which results in the following algorithm: Suppose 
C^=[ci]^^ (; =0,-%A/-l; JI:=0,—,//-l) is original image, where A/ and// arc 

integers which have the common factor 2^ (I is a positive integer). After one-level 
wavelet decomposition, we will get four parts as shown in figure 3. 




Wavelet 



Transforai 



6 


HD^ 


VD^ 





Figure 3. Wavelet image decomposition 

We call = [cj,] (; = 0.-,^ - 1 ; * = 0,- -.T - 1) the blurred image of C^ HD' the 
horizontal high frequency pan of , VD* the vertical high frequency part, and DD' the 
diagonal ones. Setting C** = C , we can repeat the same procedure L times or imtil the 
size of the new blurred image is small enougL Therefore, we only have to give the 
algorithm for one level decomposition: 

(1) Let C' rC* fr>0 is a factor which can be changed for different needs. 

(2) Transform for image columns: 
0 For Jt»0,--,^-l, calculate 




0 For ifc«0/-,^-l, calculate 
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f-i -0 -^-^M 
|c,* = c,^ 



(3.1.2) 



(3) Transfonn for rows: 

0 For y = 0,—,^ - 1 , computing 
r ;«'_;«' 



2' -2 
2 



-22;j,+c]j,„), A: = l....^-l. 



(3.1.3) 



and 



kj. =^]j..> ^ ^ ^ . * = l.....-4^-2. (3.1.4) 

I 2 



I 

0 For ;=0,'-%^-l. computing 



and 



2 (3.1.5) 

|V«>o=«/.i 2 ' 

|vrf;°^.u>.- '^^ - *;'^'''*' . it = l.-.-5r-2. (3.1.6) 

(4) d = [c], J HD' = J VD' = [vfli;.,] and DD' = [da}.,]. ; = O.-.-.f - 1 ; 
ifc = 0..-,f-l. 



Remark: If it is necessary, we also can use matrix multiply 

Wavalet Coefficient Image of /levels " W^'w'. 
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Here, W, is the transform matrix for / level wavelet decomposition. 

TbrcsfaoldiBg and QuaDtlzitlon 
Both thresholding and Quantization allow us to reduce accuracy with which the wavelet 
coefficients are represented when converting the wavelet decomposition to an integer 
representation. This can be very important in image compression, as it tends to rnnV^ 
many coefficients zeros-«specially those for high spatial frequencies. 

After L level, for example I«3, wavelet decomposition, we get the wavelet coefficients 
of the original image as plotted in Figure 4: 





HD^ 








DD^ 


VD^ 






DD^ 



Figure 4. L"3 wavelet coefficients distribution 

(a) Thresholding 

In algorithm CIS-U we use multilevel imiform thresholding method: Let 

be the chosen thresholds, where is the threshold for / th (/ = l,"*,i) level and r^^^ is a 
threshold for blurred image . Thresholding is to set every entry in the blocks , 



wo 98/40842 



66 



PCT/US98/04700 



HD', VD' and DD' (/ =1,- -.X) to be zeros if its absolute value is not greater than the 
conespooding threshold. 

Remark For color image, we can have three threshold vectors which correspond three 
differeat color bands, such as Y, I and Q. 

(b) Quantization 

Quantization is to scale the wavelet coefficients and truncate them to integer values. In 
CIS-1, we use the quantization table shown in Table 1 to implement it 







• • • 


9m 








• • • 




















• • • 







Table 1. Quantization table 
Here, the entries 9^ are quantization factors for blocks HD' (/ = 1, , ql^ and q'^^ 
for blocks VD' and DD' (/ = 1, •••,!) respectively, and the factor q^*^ is for the most 
blurred image . All the factors arc integers between 0 and 255. The quantization 
scheme for the block HD' (/ = 1, •••,!) is 

hd'j.^roumi i '^7'^ ),J'0,-",i!-l, * = 0. ".f-l. (3^.1) 

max — 



HD 



Here, hJjj (y = 0, • ^ - 1; Jt = 0,- • -.^ - 1 ) are quantized wavelet coefficients in block 
HD' (/ = 1,--,I), 



max^ = max 



= HI). 



and the function roimd (x) gives the nearest mtcgcr of x . The scheme of quantization for 
other blocks are the similar to (3.2.1). 

Remark For color image, as the same as thresholding, we can have three separate 
quantization tables for different color bands. 



3«3* Eotropy Coding 

Here, the encoding means the lossless compression for the wavelet coefficients. It is 
divided into two parts: Coefficient arrangement and entropy coding (Huffinan or 
arithmetic). 
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4. DecomprcisioD 
4.1 Decoding 

Decoding, just as encoding, can be divided into two parts: Entropy decoding (Hufi6nan or 
arithmetic), and coefiBcient rearranging. 



4J DequaotizJtioo 

After Decoding, we get quantized wavelet cocflBcicnts in J Blocks. Dcq nantiz i n g 
uses the same quantization table as quantizing, and the scheme as follow: for / = l,'",i 

bd^j,. ^'' ^°^f^ .;=0,->-,tf-l; Jfc = 0.-,f-l. (4.2.1) 

(42.1) allows us to get the approximate coefficients for the blocks HD (/ = 1, •••,!) , 
which is shown in Figure 4 . The dequantizing scheme for other blocks are similar to 
(4.1.2). 

4J Iflvcrse Imtgc Traiuformttions 

(a) Wavelet reconstruction 

We are going to describe the algorithm for one-level reconstruction which is plotted in 
Figure 5. 





Inverse Wavelet 


d 


HD^ 


^ 

Transform 







Figure 5. ODe*level wavelet recoastrucdon 



(1) Inverse traasfonn for rows: 
0 For y = O, ",^ - 1 , calculate 

fl;.i=<o+ — 2 — 



(4.3.1) 



and 
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0 For = 0,->^ - 1 , calculate 



I, 



(4.3^) 



(4.3.3) 



and 



(2) Invcnc transfonn for column: 

0 For it = 0,- ••,//- 1 , calculate 

Lo -I 

l^u =^* + — ^ — ' 



I 



(4.3.4) 



(4.3.5) 



and 



OA* 



(3)c;^»c;^/r, y30,-...A/-l; *»0,....i/-l. C« "[cj.]^^. 



(4.3.6) 



(b) Inverse color transfonn 

For color image, we have to do mverse color tiansfonn 
0 YIQtoRGB 

[R] ri.000 0.956 0.621 Trl 
I G 1 = 1 1.000 -0.272 -0.647 II / I . 
[b] L1.OOO -1.106 1.703 JLcJ 
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3;^ 

0 For ;=0,-,^-l, calculate 



and 



(2) Inverse traasform for column: 

0 For it = 0,- • •, - 1 . calculate 



and 



(4.3.2) 



(4.3.3) 



(4.3.4) 



(4.3.5) 



2o* = 2.'-2d;.. 

(3)c;^=5;Vr. y=O.....M-l; * = O.-.,;/-!. C* =[c;,],^. 
(b) Inverse color tiansfonn 

For color image, we have to do inverse color transform 
o YIQ to RGB 

[R] ri.ooo 0.956 a62iirrl 

1 GUI 1.000 -0.272 -a647ll/l. 
UJ ll-OOO -1.106 1.703 JLfiJ 



(4.3.6) 
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0 YUVtoRGB 



[R] ri.OOO 0.000 LNOTl'l 
IgI = Ii.000 -0J95 -0.581 1 [/I 
[b] [lOOO 2.032 0.000 IkJ 



4.4 Neccuary Poit Image Processing 

(a) Color QuatizadoD 
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1. iDtroductioo 

The wavelet transfonn bu proven lo be one of the most powerful tools in the field of image 
compression. Theoretically, the wavelet uansformaiion is lossless, but since all computers have 
only fmiic precision, mosi of transformaiions are lossy in practice, even when we use floating 
point calculations. On the other hand, integer calculations are much faster than floating point for 
vinually all computers; and integer computations are much easier to implement in hardware which 
is more imponant in some appHcatioos. The memory utilization of integers is also a positive 
consideration. The difficulty is, if we directly use integers in the wavelet transform and its invcne 
without some proper considerations, it will cause the loss of accuracy. For some important image 
applications, the user wants to have complete control of the precision in which the image pixels are 
repTCicnicd during the compression process, and thus prefers to have the image compressed from 
lossleu to lossy. 

Lossless compression is also very important for images found in such applications as 
medical and space science In such situations, the designer of the compression algorithm must be 
very careful to avoid discarding any information that may be required or even useful at some later 
point From the academic point of view, it is also very inicresting lo have a compression scheme 
which has very fast performance, and which can exactly reconstruct the image when necessary. In 
addition, it is also very useful to have some wavelet nansforms which exhibit the properry of 
precision preservation (PPP), which can be utiliied in the computer which has limited precision 
and limited memory without losing any precision during the compuution. 

In this paper, we are going to describe two general methods from which one can get the 
integer wavelet transform desired. All of the wavelet transforms from the methods given in this 
paper posset the property of precision preservation (PPP). We draw on the work of several other 
authors who have already connibuied to this area [2-3], where some specific examples were 
developed. However, this paper presents a more general method which allows one to sec several 
new results as well as those presented and acknowledged prior to this work. 

This paper is organized as follows: Section 2 and 3 give some examples of integer wavelet 
transforms. The examples in section 2 are the starting point for our approach, and the examples in 
Section 3 show the steps and motivation of our general method. Section 4 indicates how one can 
use the lifting technique to create an integer biorthogonaJ wavelet transform. The Corrcaion 
technique to generate more general integer wavelet transforms is described in Section 5. Section 6 
describes how to process boundaries in order to apply the integer calculation in fmite sized images 
or signals. In Section 7, we prove the integer wavelet transforms developed by both the lifting and 
correction method possess the property of precision preservation (PPP). Some example images 
are also shown in this scaion. The last section. Section 8, provides the conclusion to this paper. 
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2. Basic InUger wavelet Iransfonnitions 

We provide the following two examples as ihe sianing point for our new nneihod. For the 
sake of convenience, length, and simplicity, we only discuss the algorithm for a one level 
decomposition and reconsoiiction and only for a one dimensional signal. The extension to two 
dimcnxioQS is immediate as the rows and columns can be treated into a sequence of one 
dimensional signals. For the following examples, assume that {cj}^^ is ibc original signal whem 
the superscript indicates level and the subscript indicates a panicular point in the signal. Also. 
J^' and {dl }^'^' are its decomposition parts at the fust level. Here 

i-f , if ^ is an eve n number, 
if N is an odd number ; 

tlXiT {^-ll"' ^ frequency (0 part and high frequency (A) part, respectively. For 

multi-levels, we just treat {clX^* as {cf}^"^ and repeat the procedure again. 



Fimmpif 1: A (2,2)-wavclet transform by integer calculation. 

This transformation is similar to a variation of the Haar wavelet transfomi which uses low 
and high pass analysis (decomposition ) filters given as: 



(1) Compute 

(2) Compute 



n 


0 


1 


K 


1/2 




1/2 


s. 


1/2 




-1/2 




c* A = 


0." 





(2.1) 



— i 



2 



In!( -■ "'' ■ ' -) + c" ^ . if A/ is an eve n number. 



(2.2) 



if A' is an odd number. 
Here, lnt(x) is an arbitrary rounding function which may have different interpretations. 
For example, lni(x) can be the integer which is nearest to x . or Ini(x) may be any integer 
which satisfies x - 1 < Int(x) i x , etc. It is easy to sec that all entries in both {c* J'^ and 
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From (ZIH221 wc can easily get ihc following integer rrconsuuction aJgoriihm: 

(b) Reconstnjction 

{\)U N is an even number, compute 

or, if N is an odd number, we have 



(2) Compute 



(2.3) 



(2.4) 



(2.5) 



Baaed: Since (2.1)^2.6) are not linear because of the rounding operation bt(x) . this 
means the tiansfonnation order becomes significam. For instance, if the decomposition 
was applied first to (he columns and then to (he rows, the inverse transfonnaiion must be 
applied first to the rows and then to the columns. 



EufflfilLi: Lazy wavelet transform. 

The Lay wavelet transform do€j not do anything. However, this illustrates an important 
concept. The corresponding inverse transform is nothing else but sub-sampling ihe even 
and odd indexed samples. Decomposition and rrconstruciion can use same formula as 
follows: 

Examples 1 and 2 are not good transfonms for image compression, but they are simple. 
Much better transforms can be achieved from these two. As suggested above, we consider them 
only as a saning point for our integer, reversible, wavelet traruform algoiithm. 

We must mention that there is another interesting property in the above two transforms 
which may not be easUy seen. If the values of the signal pixels are repmsenied by a finite number 
of bitt. say one bit or one byte, we can stiU use the same number of bits to represent the result of 
the forward traitfform within the computer itself because of the complcmentajy code property. 
While, from the reconstruction algorithm, the computer will get back the exact original signal 
through the same complementary code property. We call ibis property a Property of Precision 
Preservation (PPP) for these wavelets. 
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It is known that ibe general values of the high frequency wavelet coefncients are small, and 
all higher levels io the decoioposition also provide generally small values in the high frequency 
band. This allows the preservation of precision during the computational stage of the wavelet 
coefHcienu. Now, the complementaiy code property, the other aspect of the PPP propexry is a 
well known characteristic of integer arithmetic as done by the computer. Consider the computation 
of the difference of two integers given as c s ^-a and the inverse computation of o « i> • c. Tbe 
nature of the computation within the computer can be specified as follows: 

2*+^-fl i/i>-fl<-2»'' 



-2'+fc-c, 
2* + *-c« 



and the inverse is 

if fr-c^<-2*-' 

where the m subscript indicates the internal reprcsentAiion, and the ran^e of the integers a, b. c is 
[•2*"', 2* * - 1]. The imemal representation of Cfn when it is outside the range, iu appearance is as 
a two's complement number, so the representation may not be the same as the external 
representation of c. However, the xamc complementary code for the will cause the intcrxial 
represenution to be identical to the extcmaJ representation of a. For example, if we let b=2 
(00000010) and fl=-/27 (10000001) then has the inicmaJ binary value of (10000001) when 
q^. With a value of • 127 for Cm. the inverse value for Om will ju5t be a. 

In fact, for Example 2, this property is obviously true. While for Example 1 , if the range 
of the pixel values is within a finite number of bits, say q. we can only use q bits as the working 
unit, which means the value of transform cocfTicicnis will also be within the interval with length 
2' • say [-2*"', 2*"' - 1]. Due to tbe nanjrr of computation on a machine, most machines will 
implement (11H2.2) automatically as follows (the complementary code property): 



d[^\cL -cl^ -2'. if cl -cLh i 2^. 
?^^{cl-clJ if ei'.-c»^<-2-' 



if .2^'S c,^-ct., < 2'^, 
if c» -c« 



a.6) 
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if •2'-iInt(^)+c,V,<2^"'. 



»nt(^)+ci., -2'. if Tnt(^.)+c» ^ i V'\ 
Int(Y)+c'.„ + 2'. if lnt(^)+c'^<-2«^. 



(2.7) 



While the recoosmjction algorithin (2.3) and (2.3) will be implcmenied by the computer itself as 



ci-Int(^). 
2«4.^c;-Int(i)j. 

(cMnl4)]-2«. 



if -2'-' Sc;-Int(^)<2\ 

if c;-Int(-^)<-2»^. 

ji 

if c[ -Int(-^)>2^. 



J'+cl,^. if -2'-'Srfi + c^.,.<2'-'. 
<f;+c$,^+2'. if <f; + c,V,<-2«^. 



(2.8) 



(2.9) 



It is obvious that (2.8)-(2.9) are just the neveix of (2.6)-(2.7). U i$ also easy to see that if we 
properly talce advantage of the bound in the coefTicient size mentioned above, the aJgorithm can be 
impiemented using a minimal amount of storage. 

3. More Examples and Additional Analysis 

In this sectioD we are going to give more examples which will give some motivation for our new 
approach. 

CxamakJ: A (2.6)-waveiet transform by integer calculation (2). 



This transfo rmation is similar to using fol! 



n 


-2 


.1 


0 


1 


2 


3 




0 


0 


\n 


1/3 


0 


0 


h 


•1/16 


.1/16 


1/2 


• 1/2 


1/16 


1/16 



(a) Decomposidon 

Decomposiiion stam with Example 1 oi step (1) and (2). and then upgndes the high 
frequency component ii step (3): 



Chaa*Fither 6 



wo 98/40842 



77 



PCTAJS98/04700 



(1) Compute 

(2) Compute 



Int( ^' - ) + Cj»^ , if is an even number, 
c'^ , if A/ is an odd number. 



(3) Compute 



c'-c' 

4 



«nd then, if N is even, uJculate 



else, calculate 



(b) Reconstruction 

Hie reconsirucuon algorithm is identical lo tbc decomposition algoriihm, except it is now 

nimung "backwards**. 

(DCompuie 

4 

I 4 

and then, if is even, calculate 
else, calculate 



=*"U 4"*)'"<'*i,-i- 



(2) If ^ is an even number, compute 
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or, if is in odd Dumber» we have 



fl9 



0) Compute 



d 



We see in step (2X3) above, that ihey aie just the same as sbown for the reconitroction of 
the (2.2)*wavelet transform (Example 1 ). 

Pnmnlr i - A (U)-wavelei iransfomi by integer calculation. 

TTk following nonlinear traxafonn is a variation of the transform which uses bioithogooal 
analysis filters: 



n 


-1 


0 J 


I 


k 


1 


0 


0 


i. 


1/4 


-1/2 


1/4 



(a) Decomposition 

This decomposition siaits with the Lazy wavelet ai step (1 ) and upgrades the high 

fixquency component at step (2): 

(DSct ci=c^i = 0.-.V,-l: 

(2) If is an even number, calculate 
Otherwise, \t N is u odd number, calculate 

0 0 



(b) Reconstruction 

(2) If is an even number, calculate 



^1 "^AT.l* 
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Otherwise. UN is an odd number, calculate 



Ftitnp?c S: A (5,3)-wavclct transform by integer calculation. 

This transformation is alsK? similar in function to using the bionhogonal analysis filters. It 
is given by 



n 


•2 


-1 


0 


1 


2 


A, 


.in 


1/4 


3/4 


1/4 


•1/8 


t. 


1/4 


•1/2 


i/4 


0 


0 



(a) Decomposition 

This decomposition starts with Example 3 at step (!) and upgrade low frequency 
components at step (2): 

(1) Set cl'^^cl. Jfc=Or -.^,-1; 

If // is an even number, calculate 

rf:^Int( ^»' Y°"M -ct>.. ik»0, -.A/,-2. 
Otherwise, if ^ is an odd number, calculate 

0 0 



(2) If K is an even number, compute 

ci = cr-lnt(4). 



c'=c;».lnt(^i=lf^). t = l...,A/,-2. 

4 

= c^,.2 - Int( ). 



Otherwise, if N is on odd number, calculate 
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(b) Reconstniciion 

(1) Compute 

c,»»c;+lnt(^). 
Then, if N it even. caJcuiaie 

else MJculate c^., = 4,^ + Int(-|-!-) . 

0 e 

(2) Compute c,V, = Int(^ii-Y^) - rfj . Jk = 0, • . Af, - Z 



Then, if ^ is even, calcixlatc c^^, = c^.^ - £f{,^,, . 

The PPP properry for Example 1-2 mentioned at the end of the prcvioiu section is also 
apTplicable for these three examples. It is obvious these three uansfonnations are not really linear, 
but they are similar to the one using the corresponding Hlters given above. Especially, the filters in 
Exainple 3 and Example S belong lo, with minor modification, the group of the best biorthogonal 
fihers for image compression according to both our experience and the conclusion of [4], 

Also, from the above three examples, we can note chat if we begin with integer Oinear or 
nonlinear) wiveJet transformadcms and then use some proper upgrading formulas, wc can get 
other, much better integer, wavelet transformations for image compression. Now, the key 
problem is: What kind of deductive formulas should be used? We provide an answer to this 
question in the following two sections. Section 4 and Seaion 3. 

4. Lifting Scheme and Integer Biorthogonal Filtering 

The Ufivxg scheme, discovered by Sweldens (I], is a new approach for constructing 
biorthogonal wavelets with compact support. However, the most interesting pan of this method 
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where f^a)' 



for us is: it can be lued, with minor modification, lo create integer biorthogonal wavelet 
transfonnations. The foUowing is an adaptation of the technique of [IJ. 

nermition 1 . The set of filicn {A. A . ^. # ) is a set of bionhogonalfiUen if the following formula 

is satisfied: _____ 

VweR: m(c0)m' (<») » 1 • 
'h((o) /»(©••' ^r)! 
g(<» + »r)J' 

and Mfi^'SV** and g(<tf)»Sg*«"*". 

and similaxly for and g{6)) . 

The following lemma is the main result of the lifting scheme (1) reported aa corollary 6 in 
that paper. 

I^mma 1. Take an initial set of finite biorthogonal filters [h. h', g", g], then a new set of 
finite bionhogonal filters ih. h, g, g) can be found as 

g(»)=g'*(6»-Mo)W26)). 
Similarly, if we take {A", A. g, ^'j as an initial set of bionhogonal filters, anew set of finite 
bioahogonal fiJtere {h, h, g.g] can be found as 

h(0)) = /••(©)+ g{cu)JacS) jj^j 

J(ft>)=r(a»-A(a))j(2<o). 
Here. j{Qi) is a trigonometric polynomial and the corresponding filter j is finite, and so is 1(a) . 
Actually, regartiing the filters, (4.1) is equivalent to 

5. = l»-Z^-»'^• 



or 

I 



Next, we use the lifting scheme with minor modification to create an integer, nonlinear, 
quasi-biorthogonal, wavelet algorithm. Suppose {cj} is a original signal. {c[) and {d\}uc 
again its low and high frequency decomposition parts, obtained by using the filters [h, h,g.g). 
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If we use filters [h.g] for decomposition (analysis), the corresponding decomposition algorithm 

m 



15 



While the rcconsuvciion algorithm win be 

c 



related to the synihciis filter [h,g]. Here, parameierj and arc positive consianLs with 

• =2. For example, in the situaiion of rrgulai bionhogonal decomposition and 
reconsiniciion, a, = = ; and for Example 1 through Example 5 above, a, = 1 and = 2 . 

If the set of fillers {A, h, g] is from {h, g^ g ] by (4.2b), then the decomposition 
can be accomplished as follows: 



1 . Calculate 



(4.3) 



a. 



2. Calculate cj =c;** +— • 

The relative reconsuuciion scheme will be: 

1 . Calculate cj'® X^*-/'^/ ' 



(4.4) 



(4.5) 



2. Calculate 



(4.6) 



Here, equations (4.3) and (4.6) are just the wavelet ( inverse ) transforms using biorthogonal 
filters {A, g'l g ) • While (4.4) and (4.5) are forward and backward upgrading formulas. 

Similarly, if the set of fillers {h, h, g, g] is from the initial set of filters [h^,h, g } 
by using (4,2b). the relative decomposition is: 



Calculate 
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2. Calculate dl ^ d^' -^J^d^s, 

The reconstruction scheme is: 

1. Calculate <'i^ = ^{+^10, 



2. Calculate 



For the uit of clarity, we haven't considered the boundary situation* but we will address this 
later. 

CoTTjIlarv 4 I. Suppose biorthogonal filters {h, g, g) arc from initial filters {A, A*, g^, g] by 
the iJfrins scheme (4.1a) or (4.2a). If the decomposition and reconstrucuoo by filters 
(A, A \ f J ) can be accomplished only by integer calculation, such as Example 2, we also can 
create a corresponding integer wavelet decomposition and reconsmjction scheme which is very 
"close" to the original one by using fillers (A, h, g,g}. Here the word "close" means that the 
difference of the two decomposition schemes is jusi some rounding error, and this rounding error 
will be corrected by the integer reconstruction scheme. 

In facu if {c[**} and {j| }are integer after (4.3), we can caJcuialc {cj } by 

c[ ^cluJ^'ZdlA (4.7) 

instead of (4.4), Here Intfjr) , as described in Section 2, is an arbitrary rounding up function 
which satisfies jr - 1 i Int(j:) i z + 1 . It is obvious ihat (4.7) is very "close" to (4.4), and the exact 
recoostrucuon scheme can easily be obtained from 



ci^'^cl^lni^J^dl^s] (4.8) 



and (4.6). Tbert will be a similar result, if the set of biorthogonal niter.i (A. A , g, g) is obtained 
from the initial set of filters (A®, A. g, g^) by using (4.2b). 

We can now note, except for the example shown in the Lazy wavelet, (Example 2) mort 
standard bionhogonai wavelet transfonns cannot be performed directly by integer, even for one of 
the simplest wavelets, the Hoar wavelei. However, if we properly choose the parameters a, and 
a^, and slightly change the transform algorithms, such as Example 1 and Example 3, we can have 
a variation of the original biorthogonal wavelet transforms with respect to the set of filters 
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{A. h^. ^^ g] (or i^^* ^« ff« V)y On the other hand, the parameters {j, } should be also 
chosen carefully to guarantee that only addition and shiA operations arc needed by the algorithm. 

Another observation: if the set of filter? (A, A . j?. g } is obtained from a set of Alters 
{h^,h, g. g^} by the lifting scheme, and the set {h^,h. g. g**} is also obtained from a filter set 

h^, g^, g^} • we can repeatedly use Corollary I to get a "close" integer wavelet 
transfonnation. 

5. The Ccrrcctloo Method for Creating Integer Wavelet TrftUffforzu 

In this section, wc will describe another approach for obtaining integer wavelets by using 
ihc so called Correction mcihod. The motivation of thi.s method is from the S+P transform, and 
wc will now generalize this approach. Actually, the lifting scheme for generating biorthogonai 
wivclets can be considered as a special case of the correction method. From this method we can 
get some even complicated filters with fast decomposition and reconstruction algorithm. 

Suppose diat wc alrrady have a simple integer wavelet transform, such as Examples 1 
through 3, the decomposition and reconstruction scheme of which can be formulated as follows: 

Reconsiaiaion cl = //({c^ {^i^'J (5.2) 

Here, (5.1) and (5.2) can be the same as (4.3) and (4.6) or other algorithms. 

In general, after the above decomposition, one may not be satisfied with the result. There 
may .still be some correlation among the highpass components because of the aliasing from the 
lowpass components, or the lowpass components do not carry enough of the expected information 
from the original signal. Hence, we could make an improvement by putdng some coirection pan 
on the highpass components or lowpass components. There are many way.s to accomplish this. 
However, for the sake of the integer calculation, we prefer to use following correction method. 
For example, if we want to make a correction for the highpass part, the corresponding formula 
would be: 

j; =<*»-Ini(dcl) k= -. 0. 1. 2.--. (5.3) 
Herr, dc\ is a coneciion quantity for d\ 

dc\ - ia^clt +i V-V k 0 . 1 . 2,-. (5.4) 
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ajid, {a,^^ and J^^ are given parameters which have been chosen for the user's purpose, 

such as rtducing the redundancy among highpass components or some other special requiicment 
We are not going to discuss how to choose these parametens. but one can refer to the icfeicnces P. 
5, 6] for Mfiuuoa of ihlt pmuu. The only tbjo| wc need to mention if, for the «ke of the 
integer calculation, any entries in both {c^.jf^ and J^^ should be rational numbers with 

denominators being powen of 2. 

From (5.1), (5.3) and (5.4). it is easy to see the perfect reconstruaion algorithm can be 

Jl^ = d;+Int(dc,)k=- % m, m-Km-2 -, (5.5) 

combined with (S.2). 

As mentioned above, the Lifting scheme is a special condition of the Correction method. 
Examples 3 through 5 can also be considered as the examples of this method. Wc neat give an 
example of the Correction method which caiuiot be included in the group of Lifting scheme, and 
also which does not irsuli in a closed form of compact .support for bionhogonaJ filters. 



Pwf^niP S^P transform [31. which is similar to using following analysis filters 



n 


-2 


-1 


0 


1 


2 


3 


X. 


0 


0 


I/Z 


1/2 


0 


0 


i. 


-I/I6 


-1/16 


15/37 


-17/32 


7/32 


-1/32 



While, the synthesis filters do not hove compact support. However, the S+P traiuform can 
be implemented as follows: 
(a) Decomposinon 

( 1 ) Take the decomposition step of Example I , that is, compute 



and 



c{=lnt(^)*c,V„ ifc«0.....^,.2. 



lnt(— ci^. if// is an even number. 



if N is an odd number. 
(2) Correction Step: Define J, = 1. T m\ and 

and now compute 
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In fact, tbe quantity would hive the same value in both (4.7) and (4.8) if we calculate it 
in the same way. On the other hand, if the working unit for is q bits, the machine will give b^ 
another value, wy ( - 2^^ Sb^<2^ ), where is not equal to 4^ in the sense of 
maihcmatics if the value of i\ ia beyond the interval (-2^', 2*"* - 1] . However, b^ will be the 
same in boih (4.7) and (4.8). Thcmforc, the machine will automatically implement (7.1) and (7.2) 



2' ♦ c;" + b, 



aod 



cl'b,. 

c;-^-2^ 



if •2^'Scl*+^<2*^*, 
dc\Ub,i2''\ 
if c;-*'*^, <-2* '. 

if .2**'<c;-^, <2*-\ 
if cl-^<.2*-*. 
if c.-b.^T''. 



(7.1m) 



(7.2m) 



It is easy to se« that (7.2m) is just the backward operation of (7. 1 m), which povides the evidence 
that the conclusion of this lemma is correct. 

It should be mentioned that the coefficienu {cj } obtained by (4.3) and (7.1m) might not be 
the **real* wtvelct coefficients using common sense. However, if we still use the working unit 
with q biu precision at the reconstruction step, (7.2m) and (4.6) will give the exact original signal 
back. On the other hand the coefficients {cj } still keep the most continuity of the "real" wavelet 
coefficients. Thcirfore, when wc repeal the drcomposiiion step on {c| }, most small coefficients 
in its high frequency part {rf? } will be almosi the same zs the "near' coefficienu (within some 
rounding error), which allows us to still take advantage of the ''real" wavelet transform in image 
compression. 

A similar argument can show the same PPP propeny will hold for the inicger wavelet 
transforms generated by the Correction method in Section S. 

As we mentioned before, for many applications, the lossless image compression is as 
important as lossy compression. The integer wavelet transforms give the oppominity to compress 
without loss. It is also obvious that the integer wavelet algorithms can be u.sed whemver ordinary 
wavelets are used, especially in signal and image compression. However, for most computers, the 
integer wavelet transform is much faster than the ordinary one and it uses much less memory. 
The following are some applicaUons illustrating these types of tran.sforms. 
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4 

(b) Reconstruction 

(1) Compatz 

(2) If ^ is an even number, compute 

c^.,=ci-Inl(^), A = a-...^,-l 
or. UN is an odd number, we have 

c,V,=c]-Int(^), t = 0...,^,.Z 

(3) Compute 

6. Boundary Cooditioas 

b the previous two sccdoas, we did not show how to get the integer, wavelet transfonn at 
the boundaries of signals. However, for all of the examples given above, the boundaries have 
been considered. There are two issues dealing with boundary filtering if we use the Ufilng scheme 
or the Correction method to generate the integer wavelet transformations. The first is how to 
process the boundaries which occiu in the start-up wavelet transformations. The second is how to 
deal with the booTKiarics in the deductive formula. If the boundaries in the stan*up wavelet 
uwsform have already been established, then those in the upgrading formula are easy to establish. 
In fact, for the Ufiing scheme, the boundaries in both steps should be processed in the same way. 
While, for the Correction method^ it is easy to see from (5.3)-{5.4) that one has more choices to 
process boundaries in the second step. Therefore, the only thing we need to discuss here is the 
process by which the boundaries in the sun up wavelet transformations are established. Assume 
we begin with compaa supported biorthogonal waveleu. 
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Suppose the original signal is {cj}]^^. Forcrcaiing integer bionbogonal wavelet 

transfonnations we can use the following symmeuic extension [7]: 

(1) . If currrni biorthogonaJ filicn have even length, we extend 
the boundaries of the signal as c!* = cf^, k ■ 1 ,2;- ; 

(2) . If the filtera have odd length, we do the extension as cf ^ « • k ■ 1 ,2; • • 
Example 1 through 5 use the boundaries give above. In Example 6, the start up wavelet 

iransform uses the above boundaries, but in the upgrading step, another boundary filtering is used. 
In addition, for arbitrarily sized images or signals, one can use the same technique which we 
described in the above examples to deal with this condition. 

7. Some Applications 

Before talking about any applications of the integer wavelet mmsform given above, we first 
prove that a nice property of precision preservation (PPP), which is similar to the one mentioned in 
Section 2. holds for both the Lifting and Correction upgrading technique. This property is very 
important for many appiicatiwis. 

l.gmmg 7.1 Suppose that our integer wavelet transform stans with a pair of biorthogonal filters 
with the PPP property discussed in Section 2, thai li. (4.3) and (4.6) possess this property. Then, 
the »aiDC property will be preserved in the whole aJgoriihm if we adopt the Lifting scheme to be 
the upgrading formula. 

Id other words, Lcauna 7.1 states if we only use the working units wiih the same precision as the 
original signal or irriage to calculate the wavelet transform developed in Section 4, the equations 
(4.8) and (4.6) are still the backward operations of the equations (4.3) and (4.7). 
?ft7o/ Assume that we only use q biu to repf«cnt inuges or signals, say, the range of the pixel 
values is within [-2^'. 2*"* - 1] . According to the hypothesis of the lemma, the equations (4.3) 
and its inverse (4.6) have the PPP property. Therefore, what we have to verify here is that the 
equation (4.7) and its inverse (4.8) can preserve the same property. We rewrite (4.7) and (4.8) as 
follow: 

and its inverse 
Here, 
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ApplicjtioD 1. Lossless image compression 



As meniiooed at the beginning of this paper, the integer wavelet transformaiioo 
established by the techniqties described in this paper can always be used for lossless image 
compression because of the reversible ability. Especially, we can use the PPP property 
discussed in Lemma 7.1 . We have used this wavelet lossless technology (WLT) for gray 
ff^ lf lossless image compressioo, and we have tried several images. For most natural 
images, the size of wavelet lossless compressed images is much smaller than corresponding 
GIF images. Figure 1 through 4 give some examples. Figure 1 is a standard image for 
cociprcasion. Figure 2 and 4 are X-my images and Figure 3 is a two^valuc image but we treat 
It as a I bit gray scale image in order to compare with the GIF format In fact, if we convert 
Figure 2 to a binary image, bener result can be obtained by the JBIG technique. 





(312x312) 
Fif urt 2. Compmsioo Rjiio: 
WLT4.5:l/GIF: 2.72:1 



(512x512) 
J^m I. Compression Raiio 
WLT: 1.9: I/OIF: I 05:! 



"Visioneer may have come up with on 
against the paper blizzard. . .gets pilej 
way to others throughout your compar 



FigUM 3. Compresjion Raiio: WLT: 20.8/ GIF 17.8 (1 52*794) 
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Figure 4. ConqTression Ratio: WLT3.8:1/GIF 1.98:1 (1232kI0Z4) 

AppUcatioD 2. Large scale medical image compression 

Usually, 12 bits are used to represent one pi^el in medical images. In this situation* the 
values of the pixels vary from 0 to 4095. Such images require careful utatmcnt when a 
transform coding method is used for corapr^sion. If we use ordinary biorthogonal wavelets, 
the range of the transform coefTicienis will expand lo [-2**, 2'*] when five levels of transform 
are used. Therefore, a longer working unit has to be employed, which consumes significant 
computer resources. However, the integer wavelet technique developed in this paper will solve 
this poblcm. For example, if wc use the transforms given in Example 3, 5 and 6, the values 
of transform cocfRcicnia will be limited to the range of (-2'\ 2'^]. Even if wc do not use the 
PPP property for these wavelets, 16 bits for the working unit is sufficient for all computations. 

8. Conclusion 

This paper has shown the processes necessary in order to obtain a non-linear, integer, 
biorthogonal, or con-biorthogonol reversible wavelet transform suitable for signal or image 
proccuing. We have shown how such a transform can be obtained either using the Ltftmg 
method, or the Correction method. For example, all Interpolation wavelets can be modified to be 
corresponding integer wavelets without loosing any properties of originaJ wavelett. In addition. 
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we have shown under certain conditions, the precision of the transfonn computation on the 
computer can remain at the same precision of the data, thus reducing the need for addiuonal 
computer memory during the transform computation. These are extremely powerful techniques 
when the target data are large images, or the requirements establish a need for speed. 

Although this paper establishes the structure for the integer transform based upon the 
bionhogonal wavelet or some non-bionhogonal wavelet, we do not imply the examples in this 
paper are necessarily the best wavelets for any particular application. However, we do claim if 
one is going to use such a technique^ the ideas suggested in this paper will provide the best 
implementation. 
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be selected for lc» camprcMioo to proerve a higha 
imace ouAiiiy white the reu of the tmage is compreRod 
10 the specified etjmfynavtun raiiu. in this way tmprffuoi 
pani of a picture maintaio cnicial Ueuila while the ova 
all picture file can be made as small as possible 



Post RecoBuractioo Fitters. Filters are ovsilable to 
coiwiDCt Uie rectmsmjeied image Ai ccmpreision time 
the user con preset a caotrol to have these ftUert upcrate 
eutomiitjcaity during reconstruaioa The niten include; 
quality improvement, sharpen (edge cnnancement), 
vmoothing. asd brighten. 

TrsBspartodes. The user will have the ability to set 
pixels usasparcm so that a color in the baekgruuml 
(already on the page) can be seen through the picture. 
This u!«eiul fiar creative web site developers. 

Pmgreuivi Compressioa. An image can be compressed 
so that wbffl ii is viewed it will appear quickly, first with 
low re«?luiioc. and then progressively building up m 
deuil as it is downloaded. This insures the viewe does 
nra loa«c loiffest while the image a downiooded. 



wo 98/40842 



95 



PCT/US98/04700 



i 



I N F I N I T R O N 





Ahftuf tvn V TTROM. Inc. 
Ffiuaoexim l99rmHNIIRON. Inc. i« a privau 
cornpany ttoi qpecialixa re tht dcsgD And miniatoc of 
lugij ou*liry intf $e ftnd video eompresnon loluiiont fw a 
widiarravofmarttm, INnNITRON u t»inid «« 
vtficouvc. BC with Iftbt in fUgino. Saikucbcwio and 
Oestoo Tous. 



yyjnaows jma^e 
Compressor V3.0 




mUdtitu UsUBlas SxrOa tmii tmnstlto 

In^apei OD ibe Web 
pfaAo Stock. 
Data Wtrthounns 
CauSoquo. 

VidfloGame* . . v 

CDC (EncyclopcdiM, Mu«rufm. Science, and Medicine) 

Archives (An. Hiaiory* Omajiogy) 
Modiol Imapns 

Eacooe time typically ic« than 3 ^owtis tnr . 320 X 240 
rhad. 2A bii color inate oc a 133 MHr. rcniium w.ih 1 6 MH 
RAM. 

■IftlnuB lictBfntitfai Sytlim 

Wimk>w»95/NT OS 

PffpKim 100 MHii. 8 MB RAM 

2 MD for procrnm fiJu 

10 MR plv» U) fwmp in»KC file* 



iBditnuiHirnoii 

• N wapc Naviptor f lug-io 

• iava Applet 

• ActiveX Camrol 

• Web Site rniage Coovaner 

• Ugfatniac Strike SDK 




Dowoioad a FREE dcmu vcnton of Ughiniog Strike Windows Compressor ftom: 

v.infiiiitranxont 



INFTNTTRON 
USA CWcc 



3dOl East Univowiy, «IW. Deraoa. TC- 76208 
Tcl:Kn.4W.n63 TAX: 8n.iS4.0588 



rWFINmiON lO^rif 1199 W.Haaiacs, Vancouver, BC,V6Ern 
Canwia Office Td: 60d.6M.97S9 FAX: 604.688.9798 
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INFINITRON 

Lightning Strike 




Product Fact Sheet 

Windows Compressor 



Cbmpmssor Ve^^^ 3^ 

Tht Lightning Stiikt Compmor U t Windowi tool that eomprwm ttilt images from ■ wide 
wieiy of digiul image fonnao using Infinitron*s pioprieury Wavelet algorithm. Imago can 
ba compfxajod to ftla 5 tima tmaller than JP£Q, while maintainin| similar or bencr image 
fidelity. Images can be vitwed in I or 2 seconds over the interna rather than 10 to 20 
seconds for images compressed under JPEG. Thii has enonnous bcntfits fbrnnsmiaing 
ovo corporate nerworfcs or the web, and in addition, saves space required for storing at) those 
images. 

Lightning Strike is a collection of tools in a user friendly environment Two levels of user 
ccmrol ere ofTered, one quick and easy for most applications, the other a masier level for the 
advanced user who wishes to control paramexen to maximize image quality. 

The compression approach used by Lightning Strike is bued upon integer wavelets. This 
technolog^r is acknowledged by leading cxpcro » a superior comprcskion technique as 
compared to discrete cosine iransfonn uicd in JPEG. 



UBhthfrVo'StrikeVV^^ ComDrnsor f eaiures^- 

Image CompresBion Options and Control 

Compression Technk^ue Optorts 

Doth Infmitron's Wavelet Compression and other trequently used compi^ston mediods are 
inchided in the produa so users need only have Lightning Svike on their work itacion to 
pcrtomi ill image comprcuions. Images can be comprascd lo Wavelet, JPEG, PNG, and 
GIF. 

Compression Quality Verws Speed Options 

The user can selea one of two encoding prxesses thai trade quaJity for speed of compression 
and ease of uae. With the "Advanced" option seleaed, the opbmum compreuion poramctcn 
are set by the user to give the best possible images for selected compression ratio. Wrth 
"Easy"* sciccted you gci the bstest comprusion without having to know details of parameter 
sekctioD. 

Compression Ra6o Control 

Tim compressed image file size or compression ratio may be specified rather than the quality 
factor. This enables a web designer to control the size of their image files or the speed an 
image may be viewed, in a one step process. 

Region of InterBst Focusing 

Regions of an image can be selected for leas compression to preserve a higher image quality 
while the rest of the image is compressed to the specified compression ratio. In (his way 
important parts of a picaire maintain crucial deuils while the over all picwre file can be made 
as small as possible. This is also known u Non-Unifbnn Compreasion. 
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Split and Msrge 

Very tarfc ima|es. which could not otherwise be comprtued due to their Ivge site, can be 
sp)it into tmaJIo imaga and comprcucd individually. This pioccas Ku Che side advtnuge of 
uiinf RAM more affiectiveiy speeding dme for compnatinn. The split ima|cs can be 
reauembled using the mcfge aspect of die feature. 

Post Raconstiuction Filtenc 

Filters are svtilsble to enhance the rtconstnicied image. At compression time the user can 
prvset a control to have these filien operate automatically dunng reconstruction. The filten 
include; quality improvement, sharpen (edge enhancement), smoothing, and brighten. 

Transparencies 

The user will have the ability to set pixels transparent so that a color in the background 
(already on the page) can be seen througli the picture. This is useful for creative web site 
developers. This givci the ability to display picmrea other thin the rectangular shape sllntzed 
on the web page, i.e. circles^ polygons etc.. Also, designers often use this feature for 
shadowing, letters and objects. 

Progressive Decompression 

An image can be compressed so that when it is viewed it will appear quickly, first with low 
resolution, and then progressively building up in detail as it is downloaded. Th\$ insures the 
viewer docs not looic interest while the image b downloaded. 



wo 98/40842 



98 



PCTAJS98/04700 



I N F i N I T R O N Wf Mjk Product Fact Sheet 

Lightning Strike ^k^^H Windows Compressor 




UTiag9 Coftipiamcm 



Picture of Lena, with no Compression (512X512 Image) 
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picture o/Lena Compressed 100:1 with Lightning Strike 
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PNG FUo structure 

Th« Gomprw^d imaia ux stomi in fik format conipiiant with the PNC sundad. In the 
fucurt this file fonntt will replace tlie GIF fonnat uMd today. 

Batch Comprtss 

The w » able to cemprcu many images at once by adding or deleting image file* (or path*) 
to a lift box. 

Imagt Statistics 

The comprrsaor stores ima^e sutisrics on each compressed image which may be viewed by 
the user. The following infermation U provided: image dimetuions. comprruioa ratio* file 
sizes, MSL PSNR. maaimum pixel difTerancc. compression and dccomprtssion limes. 

Encoding and Docodo Tims. 

The typioai time to encode or decode a 320X240, 24 bit color image is i second on a Pentium 
runnmg ai 133 MHz with 16 Meg RAM. 

Minimum Rscommsndsd Systsm 

The minimum tyuem requirements fbr an IBM PC Compatible arc: 

Hard Disc Drive 2 Mbytes free for program files. 10 Mb plxu to swap 
image files. 

Operating System MS Windows 3.1 (Win32y 93/ NT 
RAM 8 Mbytes 

This software is also available on the Apple MAC, Solaris, and UNIX platforms. 
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fijKJStaiy infinhiibn Produsts 
Matscaoa Navigator Plug>ln 

Yt^tm plui-ini •» .vtiltble for the MieftSk. Mm PPC. Widow, 3.1 tnd 951^1. 



Java AODttt 

J.*! APPlco wt tviilable for the MK68k. M»c PPC. Widows J.I and 95/^^■. 

mmgToike deeomprcuion »ftw.,« i. .»tilable for such ippliationi m Micro»a-« 
Umnmi Esplonr. u an ActiveX coniroL 



•ni. uiiUiy will wtomite Ihe eonvtnion of web page* from JPEG to the Lithwlng Stnkc 
fanuL T>* utility twzhu on HTML fiU ind rcpiicucs ti replacing any JFtO iroaBt ap 
«Mli Lightning Strik. tap and convenina ^ JI'EO image file* to Ughtning Strike. The 
«dity can follow link ngt to itrunlvely conven and rcplicaie an enarc •'cb •«« or tab- 
MOion of 0 web site to the Lightning Strike format "niia utility will be aviilable for 
Wwdowi KT and mow flivot* of A« UNIX operwing lyitpn. 

Lightning Strike Softwara Developara Kit ' ^ ^ . , 

vZil the SDK. a develop* an iniepaie the highly efTicieni L4ghmin6 Snike module 
libranu into their own application!. 



Download a FREE demo venion of Ughming Strike Window* 
Cempftuor from: www.infinimnxom 




Infinitron J401 Eait University. #104, Denton, TX. 76208 

USA Office Tei: 817.484.1 165 FAX: 817.484.0588 

loflnioon 10* FIf 1 199 W. Haitings. Vancouver. BC. V6E 3T5 

Canada Of!iee Tel: 604.688.9789 FAX 604.688.9789 



wo 98/40842 



102 



PCT/US98/04700 




I N F I N I T R O N 



Windows Image 
Compressor V3.0 



A&Bouadof, Lightning Strik<~ Inuge Compmior (LSIQ version 3.0, a Windows 95 tool that 
coDpmscs ftiU imjgcs from 20:1 to 200:1 using INHNITRON's proprieury wtvdet technology* LSIC 
is a versatile, easy to use tool for Web and GrapUc dcaignen that can handle a wide variety of digha) 
image fonnata, and h ududcs filtcra and convenient web tools. Images can be compressed at ratios wdl 
in excess of present JPEG ratios while maintaining comparable image fideiity. Tbis transUtcs to mach 
shorter image down load tima on the web. Tbia baa enormous bcneiiu for reducing bottlenecks on 
corporate networks and the web, and in addition, requires teas norage space 




llghtBiDO Striki Ftitorai 



ComprosioD. Uses a prophaaiy integer wavelet 

Comprusioa Coatrol. An EASY mode allows the user 
to compress images with minimal input, requiring only a 
dfidsioo between quality and compresaioiL An 
ADVANCED mode enables the user to adecu 1) image 
file size 2) compression ratio, 3) PSNR, or 4) maner 
level for professionals where every panmnrr on be 
altered We also provide the htgbcsL wavelet lossless 
compression for usest wishing this capability. Web 
designers will like the one step process to oonuol the size 
of their image files allowing control over the delivery 
time of an image over a network. 

Noo Uoiform Compresaioo. Regions can be seleoed for 
less compression m preserve image quality while the rest 
of the image u co mpr e sse d to the specified comprtsnon 
ratio. In this way, importam paru of a picoirc maintain 
ctuQAl details while the over all picture file can be made 



as stnall as possible 

Post Recoonntctioo Fillers. Filters are available to 
fwKaneg the reconsiruocd image. At oompxesston time 
the user can preset a oonuol to have these filters operate 
automatically diuing reoonsiruaion. The filters include; 
visual quality impruvemem. sharpen (edge 
cohanoemciu)« smoothing, and brighten. 

Traospamcies. The user wiU have the ability to set 
pixels transparent, so that a color in the backgrouiul 
(aixtady on the page) can be seen through the picture. 
This is uscfiil for creative web site developers. 

Progressive ComprcssioD. An image can be compressed 
so that when it is viewed it will appear quickly, fm with 
low resolution, and then progressively building op in 
i jfn ii as it is downloaded. This insures the viewer does 
not lose interest while the image is downloaded. 
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I NFl NITRON 




Cow. Bttfflap.Hb 




Cow. UghuiiDS Sthke, t5:l fii ii ipmrin o 



Ittaal lIFlllTtsr 111. 

FouAded in 1992, INFINrniOR loc is • piivite 
company that fpfriiliTW ia the densa and markctiag of 
ht|b quality imay tad video can i pri iiinn loiuuont to a 
widcamyofmariccu. INPlNHKONishuedia 
Vancouvtr. BC with offices ia Regina. Saikatchewma and 
Demon Texas. 



Windows Image 
Compressor V3.0 




Cow.iPEO 15:1 

fifff******^ ttr Uo&att0 s&ttJ kaaoa < 

• Inages on the Web 

• Photo Stock 

• Data Warehousing 

• Catalogues 

• Video Games 

• CDs (Encyclopedias. Museums. Science, and Medicine) 

• Archives ( An. History. Gcnemlosy) 

• Medical Imagmg 

fgrfiraaacs Avian 

Encode ume rypicalW less than 2.5 soands for a 640 X 480 
pixel 24 bit ooior image on a 133 MHt Pcnuuro with 16 MB 
RAM. Decode ume u leu than .73 . seconds. 

MlalmBB iscsBBgaditf litiaa 

Windows 9S/KT OS 

Feathun 100 MHz. S MB RAM 

2 MB for pcogrin files 

10 MB plus to swap image files 

iBcaan utnimoi txttwm 

• Netnpe Navigator Plug*in 

• Java Applet 

• ActiveX Control 

• Web Site image Convener 

• Lightning Strike SDK 

• GML Banner Aaiaution/Coxapitssion 

• Black and White image Compressioo 




Download a FREE demo vetiion of Ughiniag Strike Windows Compressor from: 
www.infiaitrDn.eoa 

INFINrTRON 3401 Eaa Univeniry. <104. Demon. TX 76208 
USA Office Tel: I17.4S4.I165 FAX: 817.484.0586 

IHFINnKON 10* Fir 1199 W. Hastings. Vancouver. BC V6E5T3 
Canada Office Td: 604.688.9789 FAX 604.688.9798 
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What is claimed is : • 

1. A method for compressing an image, 
comprising the steps of: 

performing a wavelet transformation of the 

5 image; 

quantizing the wavelet transformed image; 
applying entropy coding to the quantized image; 

and 

outputting a file that includes the entropy 
10 coded image. 

2. The method of claim 1, further comprising 

the following step: 

performing a color transformation of the image. 

3. The method of claim 1, further comprising 

15 the following step: 

performing the wavelet transformation using an 

integer wavelet transform. 

4. The method of claim 3, further comprising: 
deriving the integer wavelet transform using a 

20 lifting scheme. 

5. The method of claim 5, further comprising: 
deriving the integer wavelet transform using a 

correction method. 

6. The method of claim 1, wherein the step of 
25 quantizing includes the sub-step of: 

processing the wavelet transformed image using sub-band 
oriented quantization. 



7. The method of claim 1, further comprising: 
comparing the wavelet transformed image to at 
30 least one predetermined threshold value. 
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8. A method for wavelet-based image compression 
using reduced color components; comprising the steps of: 

creating a color table for an input image having 
a plurality of pixels; 
5 calculating an index for each of the pixels, 

whereby generating a plurality of indices; 

performing a wavelet transformation on the 

indices; 

applying entropy coding on the transformed 
10 indices; and 

outputting a file that includes the entropy 
coded indices. 

9. The method of claim 8, further comprising: 
dithering the pixels to generate the indices. 

15 10. The method of claim 8, further comprising: 

partitioning a large image into a plurality of 
small images to produce the input image. 

11. The method of claim 10, wherein the large 
image is selectively partitioned. 

20 12. An image processing system, comprising: 

means for performing a wavelet transformation on 
an input image; 

means for quantizing the wavelet transformed 

image; 

25 means for entropy coding to the quantized image; 

and 

means for outputting the entropy coded image. 



13. The image processing system of claim 12, 
further comprising: 
30 means for receiving the entropy coded image; 

means for entropy decoding the received image; 
means for de-quantizing the decoded image; and 
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means for performing an inverse wavelet 
transformation on the de-quantized image to produce an 
output image. 

14. The image processing system of claim 12, 
5 further comprising: 

means for displaying the output image. 

15. The image processing system of claim 12, 
further comprising: 

means for transmitting the entropy encoded image 
0 over a communications medium. 

16. An image compression system, comprising: 

a compressor configured to generate a compressed 
image based on an integer wavelet transform derived using 
a technique selected from a lifting scheme and a 
5 correction method. 

17. The image compression system of claim 16, 
wherein the compressor quantizes a wavelet transformed 
image to produce the compressed image. 

18. The image compression system of claim 16, 

0 wherein the compressor entropy encodes a quantized image 
to produce the compressed image. 

19. The image compression system of claim 16, 
wherein the compressor performs a color transformation to 
produce the compressed image. 

5 20. An image decompression system, comprising: 

a decompressor configured to generate a 
decompressed image based on an integer inverse wavelet 
transform derived using a technique selected from a 
lifting scheme and a correction method. 
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21. A computer-readable memory storing a 
computer program for directing a computer system to 
perform image compression, wherein the computer program 
implements steps for performing a wavelet transformation 

5 of an input image, quantizing the wavelet transformed 
image, applying entropy coding to the quantized image, 
and outputting a file that includes the entropy coded 
image, 

22. A method of compressing a data file, 
10 comprising the steps of: 

performing a wavelet transformation of the data 
file to provide a series of wavelet coefficients; 

quantizing those wavelet coefficients which fall 
above a predetermined threshold value to provide a 
15 quantized series of wavelet coefficients; and 

compressing the quantized series of wavelet 
coefficients to provide a compressed data file. 

23. The method of claim 22 wherein the 
compressing step comprises the step of applying an 

20 entropy coding to the quantized series of wavelet 
coefficients . 

24. The method of claim 23 wherein the 
entropy coding is selected from the group of arithmetic, 
Huffman, run length and Huffman run length combined. 

25 25. The method of claim 23 further 

comprising the step of performing a color transformation 
of the data file prior to the wavelet transformation 
step. 



30 



26. The method of claim 25 wherein the 
quantizing step comprises sub-band orientation 
quantization. 
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27. The method of claim 26 wherein the 
wavelet transformation step comprises integer wavelet 
transformation. 

28. The method of claim 22 further 

5 comprising the step of filtering the data file prior to 
the wavelet transformation step. 

29. The method of claim 27 wherein the 
integer wavelet transformation comprises biorthogonal 
filter method. 



10 30. The method of claim 27 wherein the integer 

wavelet transformation comprises the correction method. 

31. A compressed data file comprising a wavelet 
transformation of a data file having a series of 
compressed, quantized wavelet coefficients, the quantized 
15 wavelet coefficients having a value above a predetermined 
threshold value to provide a quantized series of wavelet 
coefficients . 



32. A program for compressing a data file 
comprising: 

20 a routine for performing a wavelet 

transformation of the data file to provide a series of 

wavelet coefficients; 

a routine for quantizing those wavelet 

coefficients which fall above a predetermined threshold 
25 value to provide a quantized series of wavelet 

coefficients; and 

a routine for compressing the quantized series 

of wavelet coefficients to provide a compressed data 

file. 
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